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Summary 
With the Transverse Control Cylinder Technique, the effects of the end-conditions of a 
circular cylinder to its wake at high Reynolds numbers ( 410566.1Re ×= ) were studied. 
Experimental results showed that by altering the end-conditions of the circular cylinder, 
different vortex shedding patterns could be induced. Before the addition of the control 
cylinders, the vortex shedding pattern was curved due to the influence of the test section 
wall boundary layers.  Then, two larger control cylinders were located normal and 
upstream of the test cylinder near its ends. By manipulating the control distance from the 
control cylinders to the test cylinder, different vortex shedding patterns were induced. 
With both the control cylinders fixed at the optimum control distance L0, i.e. L1=L2=L0, 
parallel vortex shedding was obtained. When the control cylinders were symmetrically 
placed but not at the optimum distance, L1=L2≠L0,  the vortex shedding pattern became 
curved, concave and convex downstream at L1=L2<L0, and L1=L2>L0, respectively. When 
the control cylinders were asymmetrically placed, L1≠L2, oblique vortex shedding was 
induced. In the cases of curved shedding (without control cylinders) and parallel shedding 
(with control cylinders at L1=L2=L0), the velocity profile upstream of the test cylinder, the 
surface pressure coefficient distribution, the spanwise distribution of the Strouhal number, 
drag and lift coefficients were also measured. Results showed that the addition of the 
control cylinders increased the flow velocity at the ends of the test cylinder, and led to a 
more even pressure distribution over the central span of the test cylinder, which finally led 
to parallel vortex shedding.    
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Nomenclature 
A  Effective aspect ratio of the test cylinder 
BR Blockage ratio 
CD Drag coefficient 
CF Force coefficient 
CFc Force coefficient after blockage correction 
CL Lift coefficient 
Cp Pressure coefficient 
Cpb  Base suction coefficient 
Cps Pressure coefficient at the separation position 
Cr  Correlation coefficient 
d  Diameter of the test cylinder, mm 
D  Diameter of the control cylinder, mm 
sf  Vortex-shedding frequency, Hz 
H  Distance between two control cylinders, mm 
L  Control distance between control cylinders and the test cylinder, mm 
L0 The optimum control distance to induce parallel shedding, mm 
P  Surface pressure of the test cylinder, Pa 
Ps  Hydrostatic pressure of the free stream, Pa 
Re Reynolds number  
S  Body reference cross-sectional area (projected area), mm2 
S0  Cross-sectional area of wind tunnel at reference plane, mm2  
St  Strouhal number 
t  Time  
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U  Electric voltage, volt 
∞V   Velocity of the free steam, m/s 
V  Velocity, m/s 
x Streamwise distance from the back of the test cylinder, mm 
y Distance from the back of the test cylinder in the direction normal to the 
free stream and the test cylinder axis, mm 




β Azimuth angle, measured from the front stagnation point of the test 
cylinder, º 
ε  Blockage parameter 
v   Kinetic viscosity, m2/s 
ρ   Density of the air, kg/m3 
θ   Angle of vortex shedding, measured counterclockwise from the z-axis, º 
 
Subscripts 
c  Denotes quantities that are corrected for wind tunnel blockage 
m  Denotes the x2 magnitude at which Cr is a maximum 
∞  Denotes the variables for the free stream  
θ Denotes the variables under the oblique shedding condition 
Other symbols 
  Denotes the mean value of a certain quantity 
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Chapter 1   Introduction 
1.1 Background  
The bluff body wake has been a subject of intense research for many engineers and 
scientists. It is extensively studied because of its engineering significance. The 
periodic nature of the vortex shedding phenomenon behind the bluff body may cause 
unwanted structural vibrations, acoustic noise, or resonance when the shedding 
frequency matches one of the natural frequencies of the structure, and may even lead to 
structural failure. The applications of knowledge in bluff body aerodynamics can be 
found in areas such as marine risers, bridge piers, periscopes, chimneys, towers, masts, 
antennae, etc. 
Because the circular cylinder is one of the most commonly used shape in engineering, 
the flow around a circular cylinder has been studied for over a century. However, 
despite extensive amount of knowledge accumulated and documented in numerous 
literatures, a complete understanding of the flow phenomena still remains a challenge. 
In recent years, some new important findings and developments have been made, 
especially with regards to three-dimensional effects, physical and theoretical modeling, 
flow instabilities, numerical simulation and flow control techniques. The Literature 
Review section below provides background knowledge and reviews the recent 
developments of experimental studies on the flow around the circular cylinder.  
1.2 Literature Review 
The flow around a circular cylinder is so complex that a full understanding of it poses 
a great challenge. The flow is Reynolds number dependent, with different dynamical 
phenomena emerging at different Reynolds numbers.  
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Williamson (1996a), after integration and analysis of many experimental and 
simulation results,  classified the flow  passing a circular cylinder into different flow 
regimes. The classification is based on the plot of the base suction coefficients versus 
Re as shown in Fig.1.1. In each regime, the cylinder wake develops different vortex 
dynamics phenomena.  The following is a brief description of Williamson (1996a)’s 
discussion, the regimes mentioned are in reference to Fig.1.1. 
 
 
Fig.1.1   Plot of base suction coefficients (-Cpb) over a large range 
of Reynolds number, Williamson (1996a). 
The Regime up to A: Laminar Steady Regime (Re<49). At this range of Re, the wake 
comprises a steady recirculation region of two symmetrically placed vortices on each 
side of the wake. As the Reynolds number increases, the length of the vortices grows, 
and the base suction decreases due to the viscous stresses. 
Regime A-B: Laminar Vortex Shedding Regime (Re= 49 to 140-194). In this regime, 
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the suction coefficient exhibits a rapid rise with Re. The circulation region develops 
instabilities, initially from the downstream end of the bubble. The onset of the wake 
instability is near Re = 49, while different upper limits of Re from 140 to 194 have 
been reported. 
Regime B-C: 3-D Wake-Transition Regime (Re ~ 190 to 260). As shown in Fig.1.1, 
this regime is associated with two discontinuous changes in base suction as Re is 
increased.  At the first discontinuity near Re=180-194, mode A instability occurs with 
the inception of vortex loops and the formation of streamwise vortex pairs due to the 
deformation of the (spanwise) primary vortices as they are shed, with a wavelength of 
3-4 diameters. At the second discontinuity, there is a gradual transfer of energy from 
mode A to a mode B shedding. The latter is comprised of finer-scale streamwise 
vortices, with a spanwise length scale of around one-diameter. 
Regime C-D: Increasing Disorder in the Fine-scale Three Dimensionalities (Re ~ 260 
to 1000). Near point C, there is a particularly ordered 3-D streamwise vortex structure 
in the near wake. At this point, the primary wake instability behaves remarkably like 
the laminar shedding mode, with the exception of the presence of the fine-scale 
streamwise vortex structure. As Re increases towards D, the fine-scale three 
dimensionality becomes increasingly disordered and causes a consistent reduction in 
base suction. 
Regime D-E: Shear-Layer Transition Regime (Re= 1,000 to 200, 000). In this regime, 
the base suction and the 2-D Reynolds stress level increase, while the Strouhal number 
and the formation length of the mean recirculation region gradually decrease. These 
trends are caused by the developing instability of the separating shear layers from the 
sides of the body.  This is also the regime within which the present investigation is 
carried out. 
Chapter 1  Introduction 
 
—      — 4
Regime E-G: Asymmetric Reattachment Regime (or Critical Transition). In this 
regime, the base suction and the drag decrease drastically. A separation-reattachment 
bubble causes the revitalized boundary layer to separate much further downstream, and 
the width of downstream wake is much reduced than for the laminar case. Near point F 
in Fig.1.1, the separation-reattachment bubble occurs on only one side of the body, and 
results in a rather larger lift force. 
Regime G-H: Symmetric Reattachment Regime (or Supercritical Regime). In this 
regime, the flow is symmetric with two separation-reattachment bubbles, on each side 
of the body.  
Regime H-J: Boundary-Layer Transition Regime (or Post-Critical Regime). In this 
regime, the increasing of Re moves the turbulent transition point further upstream, 
until at high enough Re, the boundary layer on the surface of the cylinder itself 
becomes turbulent. After this point, it was generally assumed that the downstream 
wake would be fully turbulent. 
As described above in the laminar steady regime (Re<49), the wake of a circular 
cylinder comprises of two steady recirculation regions. They are symmetrically placed 
on each side of the wake. Because of fluid viscosity, a steady boundary layer forms on 
the solid surface of the cylinder. As the Reynolds number increases to the laminar 
vortex shedding regime, the boundary layer will separate from both sides of the 
cylinder surface and form free shear layers. The free shear layers are highly unstable. 
They will interact and result in the alternative shedding of vortices from the two sides 
of the cylinder, resulting in the well known Von Karman vortex street.  
Earlier experiments on wakes of circular cylinders in a laminar flow showed that the 
vortex shedding is two-dimensional only at low Reynolds numbers. When the 
Reynolds number  increases  to a certain value,  a transition occurs  from parallel 
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shedding to oblique shedding, where the vortices are shed at some oblique angle to the 
axis of the cylinder. An example of slantwise shedding was photographed by Berger 
(1964), using smoke in a wind tunnel.  This transition from the parallel shedding to 
oblique shedding was once interpreted as a secondary instability in the flow, and the 
onset of oblique shedding was considered Reynolds number dependent, with the onset 
Reynolds number denoted as Res. However, in the investigations that followed there 
was no consensus on the value of Res and different values were reported. Berger & 
Wille (1972) gave some discussion of slantwise versus parallel shedding in their 
review paper, but the problem remained unresolved.  
Another phenomenon was found by Tritton (1959) that a discontinuity in the St∼Re 
curve occurred at Re≈90 in wind tunnel experiments and at Re≈70 in water channel 
experiments. Tritton attributed the instability to a transition in the flow. The 
investigations that followed showed  that the discontinuities  can be caused by many 
other reasons, including a slight shear of the free stream (Gaster 1971; Maull & Young 
1973), differences in free-stream turbulence (Berger & Wille 1972), and flow-induced 
vibration of the cylinder (Van Atta & Gharib 1987), etc.  
Williamson (1988) found in the absence of above-mentioned effects, that 
discontinuities in the St∼Re curve can be caused by non-parallel vortex shedding. And 
when parallel shedding is obtained, the discontinuities can be removed.  
Slaouti & Gerrard (1981) reported that even in a flow of good quality and with a 
smooth and straight cylinder, the vortex shedding can still be influenced by the 
geometry at the cylinder ends. Other experiments also showed that the wall boundary 
layer can influence the vortex shedding patterns. Ramberg (1983) found that the 
endplates can affect the pressure near the cylinder ends and the vortex shedding. The 
particular boundary conditions at the spanwise ends of the cylinder dictate the angle of 
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shedding over the whole span,  even for a cylinder that is  hundreds of diameters in 
length, by what is termed indirect influence (Williamson, 1989). Williamson found 
that the oblique vortices formed a periodic chevron pattern as shown in Fig.1.2. Over 
each half of the span, the oblique angle is dictated by the end-conditions of that half.  
 
Fig.1.2   Oblique vortex shedding, induced by (spanwise) end boundary  
conditions, Re=90, Williamson (1988). 
It was also found that it was possible to promote parallel shedding by manipulating the 
end conditions of the cylinder. To date, four different methods that can minimize the 
end effects of the wake flow to achieve parallel shedding have been reported. These 
methods had been described in Williamson (1996a) and are summarized up below. 
1. The common approach is to use thin flat plates placed just outside the 
wind/water tunnel wall boundary layers. Williamson (1988) showed that 
suitably inclined (with respect to the incoming flow) end plates can induce 
parallel vortex shedding as shown in Fig.1.3.  
2. The use of coaxial end cylinders which have larger diameters to control the 
wake flow was proposed by Eisenlohr & Eckelmann (1989). 
3. The transverse control cylinder technique (from now on also referred to as 
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TCCT) was proposed by Hammache & Gharib (1989, 1991). By suitably 
locating large control cylinders normal and upstream of the test cylinder near 
its ends, parallel shedding pattern can be induced. 
4. Another novel method was proposed by Miller & Williamson (1994). Suction 
tubes were placed about 10 diameters downstream and near the ends of the test 
cylinder. By suitably speeding up the flow near the test cylinder ends, parallel 
vortex shedding can also be induced.  
 
Fig.1.3   Parallel vortex shedding induced by using endplates, Williamson (1988). 
The TCCT was proposed by Hammache and Gharib(1989). It is comparatively simpler 
to implement and effective if the ratio of D/d is larger than 3, where D and d denote 
the diameter of the control cylinder and the test cylinder, respectively. The control 
cylinders are located normal and upstream of the test cylinder near its ends, the region 
of interest is the region of the main cylinder span between the control cylinders. The 
gap between the control cylinders and the test cylinder, which is termed here as L (L1 
and L2 if the gap sizes at the two ends of the test cylinder are different) (see Fig.2.1), is 
another important parameter that affects the vortex shedding pattern. Hammache and 
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Gharib (1989) found that at a certain L, parallel vortex shedding is induced and in such 
a case the discontinuities in the Strouhal-Reynolds number curve are eliminated. 
Hammache & Gharib (1991) further studied the relationship between L and the vortex 
shedding pattern. Besides the parallel shedding obtained with both the control 
cylinders (of the same diameter) fixed symmetrically at an optimum distance L0 
(L1=L2=L0) (Fig.1.4). They also found that if L1≠L2, the vortex shedding would 
become oblique (Fig.1.5). When the control cylinders are symmetrically fixed but not 
at the optimum distance, that is, L1=L2≠L0, the vortex filaments would be symmetrical 
with respect to the mid-span but become curved, and can be either concave 
downstream when L<L0 (Fig.1.6 (a)), or convex downstream when L>L0 (Fig.1.6 (b)).  
     
         
Fig.1.5 Oblique shedding induced by 
      the control cylinders. Re=100,  
      d=0.8mm, D=7.8mm, A=100, 
      Hammache & Gharib (1991). 
Fig.1.4 Parallel shedding induced by the 
      control cylinders. Re=100, d=0.8mm,
      D=7.8mm, A=100, L=L0, Hammache
      & Gharib (1991). 
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In their investigation, Hammache and Gharib (1991) also conducted detailed 
measurements of mean static pressure distribution in the base region of the cylinder, as 
well as the spanwise and streamwise velocity components. They found that a non-
symmetric pressure distribution, which induced a spanwise flow in the base region of 
the cylinder, was responsible for the oblique shedding. Their investigations show that 
the onset of the oblique vortex shedding was not Reynolds-number dependent and the 
vortex shedding pattern can be affected by manipulating the cylinder end conditions. 
The author also wishes to bring to the reader’s attention that Hammache and Gharib’s 
work were conducted at Re= 40 to 100, which falls within the Laminar Vortex 
Shedding Regime in Williamson (1996a)’s classification. 
 
     
(a)       (b) 
Fig.1.6   Curved vortex shedding obtained with the control cylinders. Re=100, d=0.8mm, 
D=7.8mm, A=100. (a) L1=L2<L0. (b)  L1=L2>L0. Hammache & Gharib (1991). 
Although the effects of the end-conditions on the cylinder wake are known at low 
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Reynolds numbers, very little work has been done to understand the end effects and 
the three-dimensional phenomena at mid to high Reynolds numbers. Perhaps the only 
investigation reported was the one by Prasad & Williamson (Williamson, 1996a; 
Prasad & Williamson, 1997), who studied the effects of end-conditions on the cylinder 
wake at moderately high Reynolds numbers (200<Re<10000).  It was found that by 
suitably manipulating the end conditions, it’s also possible to induce oblique and 
parallel vortex shedding patterns across large spans over a large Re range (see Fig.1.7). 
They also found that some parameters were quite different between oblique and 
parallel shedding. For example, they found the instability of the separated shear layer 
is affected by the end conditions: with parallel shedding, the instability first manifests 
itself at Re=1200; but with oblique shedding, the instability is inhibited until a 
significantly higher Reynolds number of about 2600.  
 
Fig.1.7    Control of flow by end boundary conditions at Re=5,000. Angled endplates were 
used to yield (a) parallel, and (b) oblique shedding. Williamson (1996a). 
Since the vortex parameters are different between the oblique and parallel vortex 
shedding, if the vortex shedding patterns can be controlled at high Reynolds number, 
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we can make detailed investigation into these  phenomena,   and gain further 
understanding about the wake flow around the cylinder. 
1.3 Objectives 
As mentioned in the foregoing text, although investigations have shown that it is 
possible to control three-dimensional patterns in a cylinder wake at low Reynolds 
numbers by altering the end conditions, very little work has been done at mid to high 
Reynolds numbers.  Hammache and Gharib (1991)’s  experiments  were  conducted in 
the Reynolds numbers range of 40 to 160. The effects of the control cylinders at higher 
Reynolds numbers remain unknown. 
The objectives of the present research are to study the effects of the end-conditions of 
the circular cylinder on its wake flow at high Reynolds numbers with the Transverse 
Control Cylinder Technique, and to show the possibility of controlling the vortex 
shedding patterns by manipulating the control cylinders which alter the end-conditions 
of the test cylinder.   
Various measurements were made in this study. They include the vortex shedding 
patterns, circumferential and spanwise surface pressure distribution, spanwise Strouhal 
number distribution, etc., to show the differences among different shedding patterns.  
 
1.4 Organization of the Thesis 
The thesis is composed by five chapters. Chapter 1 is an introduction of the 
background, literature review and the objectives of the present work. Chapter 2 
presents the experimental set-up, including the apparatus, instrumentation as well as 
the experimental methods. Chapter 3 shows the investigation of the cylinder wake 
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before the addition of the control cylinders. In chapter 4, the Transverse Control 
Cylinder Technique is used to show the effects of the end-conditions to the cylinder 
wake flow. Different shedding patterns are induced. The comparison of the wake 
before and after addition of the control cylinders (parallel shedding) is made to show 
the differences. The data analysis and some discussion on the working mechanism of 
TCCT method are also presented at the end of this chapter. The last chapter gives the 
conclusions and recommendations for further investigations. 
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Chapter 2   Apparatus, Instrumentation and Methods 
2.1 Experimental Set-up  
The experiments were carried out in an open-loop wind tunnel. The Transverse 
Control Cylinders Technique was applied during the experiment to manipulate the 
end-conditions of the circular cylinder. The following figure shows the experimental 
arrangement, the relevant parameters, and the reference coordinate system. The 
experimental system includes the wind tunnel, a test circular cylinder and two control 
cylinders that are located upstream and normal to the test cylinder. 
Plan view
H





Wind tunnel side wall L1
x







z = - 12 H
y
 
Fig.2.1   Schematics of the experimental set-up and reference coordinate system. 
2.1.1 Wind Tunnel  
The wind tunnel used is of the suction design and the fan/motor were located 
downstream of the test section (See Fig.A.1 in Appendix A). It can provide a smooth 
Chapter 2  Apparatus, Instrumentation and Methods                                                         
 
—       — 14
flow as the approaching flow with a turbulent intensity of 0.4%. The test section is 
2.8m long, with a width of 1.0m and a height of 0.6m. A pitot-static probe is mounted 
upstream of the test cylinder, and together with an inclined manometer, it monitors the 
velocity of the free stream. The experimental uncertainty of the velocity during the 
measurements is determined to be around 0.6%. 
A number of slots are located on the ceiling of the wind tunnel test section. They allow 
one to insert hotwire probe or  pitot tube into the test section for various flow 
measurements.  However, the above-mentioned  flow measuring devices were always 
removed whenever they were not needed, and the slots were also carefully sealed up.  
2.1.2 Test Cylinder and Control Cylinders 
The test circular cylinder is made of brass, with a highly polished surface. The 
diameter (d) is 25mm. During the experiment, the cylinder was mounted horizontally 
across the test section of the wind tunnel, midway between the ceiling and the floor 
(see Appendix A, Fig.A.2). It protruded both side walls of the test section through 
openings, and its ends were mounted onto a mental frame. The frame in turn was 
secured to the ground so as to minimize the direct transmission of the vibration from 
the wind tunnel.  The openings of the wind tunnel side walls  where the cylinder 
protruded  were carefully sealed to avoid air leakage. With the above-described way of 
installation, the effective length of the cylinder was therefore 1000mm (width of the 
test section), and its aspect ratio was 40. The test cylinder had 19 (0.6 mm internal 
diameter) pressure tappings evenly installed along a generator at a distance of 50mm 
(2d) apart. Based on a test section height of 0.6m, the blockage ratio of this set-up is 
4.17%. The way the test cylinder was mounted to the frame was such that it could be 
rotated about its axis. An attached circular protractor allowed the azimuth angle β to be 
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accurately determined. During the experiments, once the cylinder was rotated to the 
desired position, two set nuts were used to prevent it from accidental rotation. 
Two larger transverse control cylinders were used to alter the end conditions of the test 
cylinder. They were made of aluminum with a diameter  (D) of 100mm. During the 
experiment, they were placed upstream and normal to the test cylinder (see Appendix 
A, Fig.A.2), and were tightly secured to the ceiling and the floor of the wind tunnel to 
prevent any vibrations. As shown in Fig.2.1, the control cylinders were kept a distance 
of 100mm away from the vertical side walls of the wind tunnel. The cross flow 
distance between axes of the control cylinders was designated as H. The effective 
aspect ratio of the test cylinder was defined as 
  
d
HA = .        (2.1)  
During the experiment, the distance between the axis of a control cylinder and the 
corresponding test section side wall was 100mm. As a result, in the present setup, 
H=800mm, and this led to an aspect ratio of  
A= H/d= (1000-2×100)/25=32. 
The gap distance between each control cylinder and the test cylinder was defined as 
the control distance, and they were donated as L1 and L2. These gap sizes could be 
varied by moving the control cylinders. 
2.1.3 Reference Coordinate System 
As shown in Fig.2.1, the origin of the reference coordinate system was at the base and 
mid-span of the test cylinder. The positive x-coordinate was in the streamwise 
direction and points downstream. The y-coordinate was set normal to the cylinder axis 
and was positive upward, while the z-coordinate was along the span of the cylinder. 
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Together, the x-y-z axes formed a right-hand system.  The azimuth angle β was the 
angle away from the front stagnation point (β=0º there) of the cylinder.  The vortex 
shedding angle θ was measured counterclockwise from the positive z-axis.  
 
2.2 Instrumentation for Pressure Measurement  
2.2.1 Pressure Coefficient 
Fig.2.2 shows the instrumentation for pressure measurements  (see also Fig.A.4). The 
test cylinder is instrumented with 19 evenly spaced 0.6-millimeter diameter pressure 
taps along a generator to sense the surface pressure P. The taps are connected through 
PVC tubes to a scanivalve. The scanivalve houses a ±0.3 psi pressure transducer and 
can be switched to read any of the inlet pressure signals. The pressure data are finally 
acquired by a Data-Acquisition Card installed within and connected to a PC. To ensure 














Fig.2.2   Instrumentations to measure the pressure coefficient Cp. 
The static pressure is sensed from the side wall of the wind tunnel upstream of the test 
cylinder with another individual pressure transducer. To calculate the time-averaging 
pressure coefficient, the pressure signals from both the pressure transducers are 
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simultaneously sampled at a frequency of 1000Hz and over 10 seconds. Software HP 
VEE is used for the data collection and processing. 






PPC sp ρ ,       (2.2) 
where P = surface pressure of the test cylinder, 
Ps = hydrostatic pressure of the free stream, 
ρ = density of air, 
∞V  = velocity of the free steam. 
The pressure transducers need to be calibrated before the experiment. With a Combist 
micro-manometer, a known pressure is applied to the pressure transducer, through 
which the pressure signal is converted to an electric signal, and is in turn recorded by 
the data acquisition system. By changing the input pressure and repeating above-
mentioned operation,  an output voltage versus  input differential pressure calibration 
line of the pressure transducer can be obtained. This is shown in Fig.A.6 and Fig.A.7. 
The calibration line of the pressure transducer may drift slightly due to the variations 
in the surrounding conditions such as the ambient temperature. So each time before the 
experiment the output voltage Uoff should be read at ∞V =0. The pressure is calculated 
by the formula 
)( offmeas UUkP −×= ,      (2.3) 
where k  is the gradient of the pressure transducer calibration line. 
2.2.2 Drag and Lift Coefficient 
Dimensionless parameters, such as the drag coefficient CD and the lift coefficient CL 
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are used to indicate the drag and lift force on the test cylinder. Fig.2.3 shows the 







    Fig.2.3   Pressure tap positions and the definition of the aerodynamic forces. 
From the pressure coefficient calculated in Eq. (2.2), the mean drag and lift 
coefficients CD and CL respectively are calculated as follows 
βββππ dCC PD  cos)( 2
1  
 ∫−=  ,      (2.4a) 
βββππ dCC PL  sin)( 2
1   
 ∫−−=  ,     (2.4b) 
where Cp=  pressure coefficient, and 
β = angular displacement measured from the front stagnation point of the 
cylinder. 
2.2.3 Blockage Effects and Correction 
Blockage affects both along-flow  (drag) and across-flow (lift or side) forces and is 
important to all bodies in a flow with a blockage ratio of greater than about one 
percent. In the present study, the blockage ratio of the set-up is 4.17% (without control 
cylinders), and appreciable corrections to measured results are anticipated. 
Maskell (1963) defines the blockage correction ratio as: 
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 ,     (2.5a) 
where  CF = any force coefficient, 
  ε = blockage parameter = 1/(-Cpsc), 
  S = body reference cross-sectional area (projected area), 
  S0 = cross-sectional area of wind tunnel at reference plane,   
subscript c refers to quantities that had been corrected for blockage 
effect. 
To calculate CFc from Eq. (2.5a), ε (and hence Cpsc) must first be calculated.  Cpsc can 



























psc , (2.5b) 
where   Cps = pressure coefficient at the separation position. 
The mean pressure coefficient Cp and the Strouhal number St for vortex shedding can 


















St =  .      (2.7) 
In chapter 3, where measured results of the test cylinder without inclusion of the 
control cylinders are presented, the pressure coefficient Cp, the drag and lift 
coefficients CD and CL respectively, and the Strouhal number St will all be corrected 
according to above-mentioned blockage correction formulae. For the cases with the 
control cylinders, no blockage correction method is available. This problem will be 
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mentioned in the recommendation section in chapter 5 and possible future work will 
also be suggested. 
2.3 Hotwire Anemometry Measurements   
2.3.1 About the Hotwire Anemometer 
The hotwire anemometer is a well known thermal anemometer often used to measure 
the fluid velocity by noting the heat convected away by the fluid. The core of the 
anemometer is an exposed hotwire which maintains a constant temperature (or heated 
up by a constant amount of current). Therefore the heat lost to the surrounding fluid 
through forced convection is a function of the fluid velocity. After proper calibration 
of the probe channels,  it is possible to measure fluid velocities with an accuracy of 
0.05%, depending upon the measurement range and the quality of the calibration. The 
response time between measurement and instrument output is very short in comparison 
with other methods for fluid flow measurement and can reach a minimum of 1/2 
microsecond. Therefore the hotwire anemometer is an ideal device to measure 
fluctuating velocities. 
In the present experiments, the hotwire is used to determine the vortex shedding 
frequency and the vortex shedding patterns. As shown in Fig.2.4, the velocity signal 
from the hotwire first goes through a signal filter, and is then sampled by the data-
acquisition system via an anologue to digital (A/D) converter.  
The constant temperature anemometer (CTA) is used to maintain a constant 
temperature of the hotwire. DC power supply is applied to adjust the amplitude of the 
hotwire signal, and keeps the voltage of the  electric signal within the measurement 
range of the Data-Acquisition Card, which is ±10V. Fig.A.5 shows the DC power 
suppliers, filter and CTA. 
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Fig.2.4   Schematics of the hotwire anemometry measurement. 
One main factor affecting the measurement accuracy of the hotwire probe is its 
calibration quality. To calibrate a hotwire, a known velocity is applied on the hotwire, 
and a pitot-tube is used to determine the velocity. The corresponding output signal is 
recorded. By changing the velocity and repeating the above operation, the calibration 
curve is plotted. The calibration range of the velocity must be larger than the velocity 
amplitude actually under measurement. During the calibration and the following 
measurement process, all of the cable connection should be kept fixed. Since the 
hotwire is very sensitive to the surrounding environment, after every two hours of 
usage, it needs to be re-calibrated.  
2.3.2 Shedding Frequency and Strouhal Number 
One of the applications of the hotwire in an experiment is to measure the vortex 
shedding frequency. The fluctuating velocity signal sensed by the hotwire is sampled, 
and after signal filtering and the application of Fast Fourier Transform (FFT), the 
power spectrum of the velocity can be obtained. The peak in a spectrum indicates the 
shedding frequency sf . Relevant parameters of the vortex shedding frequency 
measurement include: 
Sampling rate of the velocity signal:  3000Hz,  
total data points sampled: 215 = 32768, 
cut off frequency of the filter: 1500 Hz. 
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In the present work, as in most work reported in the literature, the Strouhal Number is 
defined as the dimensionless frequency as 





St s ,       (2.8) 
where St = Strouhal number, 
 sf = vortex shedding frequency, 
 d = diameter of the test cylinder, 
 ∞V = velocity of the free stream. 
To measure the spanwise (z-direction) variation of St, the hotwire is placed at x = 4.0d, 
y = 0.65d, and different z values.  
2.3.3 Method to Determine the Vortex Shedding Pattern 
In the present work, hotwire is also used to measure the spanwise correlation of the 
fluctuating velocity signals so that the vortex shedding pattern can be determined. The 
correlation coefficient Cr is defined as 
( )( )
























 ,   (2.9) 
where iV1 ,  iV2 = fluctuating velocity signals from the hotwire 1 and 2 respectively, and 
∑= n iVnV 1 11
1 ;  ∑= n iVnV 1 22
1  are the mean (time averaged) values of the two 
velocity signals. 
The output signals of the two hotwires are sampled simultaneously, and for good 
accuracy the measurement covers more than 800 vortex shedding cycles. 
To determine the vortex  shedding pattern, Hotwire 1 (the reference hotwire) is first 
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positioned at a certain point A0 (x1, y1, z1). In the present work, the initial magnitude of 
z1 is z1=0. Hotwire 2 is positioned at (x2, y2, z2), where y2=y1 and zzz ∆=− 12 . Then, 
hotwire 2 is moved in the x direction at an increment of ∆x. At each point, the 
spanwise correlation coefficient is recorded. If a maximum in the correlation 
coefficient is obtained when hotwire 2 is at a position denoted by A1, then the vortex 
shedding at points A0 and A1 would be in phase. This means that points A0 and A1 are 











Fig.2.5   Method used to determine the vortex shedding pattern. 
After point A1’s location is identified, hotwire 1 is re-positioned to point A1, while 
hotwire 2 is repositioned to (x3, y3 (= y2), z3). By traversing hotwire 2 along the x 
direction at its new position and by recording Cr at different x3 positions, another point 
(point A2) where the vortex shedding has the same phase as point A1 will be identified. 
Points A0, A1 and A2 are all on the same vortex filament. By repeating the above 
process until eventually the entire cylinder span is covered, the shape of the entire 
vortex filament will be identified. 
It must be noted that in some cases misleading results can be obtained via the present 
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method. As shown in Fig.2.6, if both the shedding angle and spanwise separation ∆z 
are large, with the reference hotwire positioned at A0, one may miss point A1 and 
instead think that point B is on the same vortex filament as A0. Similarly on the other 
half of the span, one may also capture point C instead of the correct point A2. What 
happened is of course points B and C are not on the same primary vortex filament as 
A0. Their capture will lead to erroneous interpretation of the wake flow field. To avoid 
such a situation,  ∆z must not be too large.  Considering that the longitudinal vortex 
spacing (distance between consecutive vortices in the same row) in the present 
situation is around 4d, ∆z should be kept at no more than 3d during the measurement. 
Since the shedding frequency may vary slightly along the spanwise direction (3-D 
vortex shedding), a small ∆z also ensures the shedding frequencies be equal or very 











Fig.2.6   Schematics of the case under which misleading data of maximum Cr 
could be obtained. 
The precision of the results depends mainly on the magnitudes of ∆x and ∆z. The 
smaller the magnitudes of ∆x and ∆z, the more accurate will be the results obtained. 
However in practice a compromise has to be reached between accuracy and time 
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required. 
Fig.2.7 shows an example of the spanwise correlation coefficient Cr versus x2 data that 
can be obtained from the above-described method. For this set of data, hotwire 1 was 
fixed at A0 (4.0d, 0.65d, 0.0d), while hotwire 2 was at (x2, 0.65d, 3d), and was 
traversed along x direction at an increment of ∆x=0.1d or 0.2d. For this set of data, the 
maximum in Cr was reached when hotwire 2 was at A1 (3.9d, 0.65d, 3.0d). That is, 
points A0 (4.0d, 0.65d, 0.0d) and A1 (3.9d, 0.65d, 3.0d) are on the same vortex filament. 
If we conduct the measurement in a larger range of x2, another point B (most likely 
around (7.9d, 0.65d, 3.0d)) where Cr reaches another maximum would be obtained. If 
A0 (4.0d, 0.65d, 0.0d) and B (7.9d, 0.65d, 3.0d) are on the same primary vortex 
filament, the shedding angle θ  would be about 52.4º (tan-1θ = zx∆∆ ). Such large 
oblique shedding angle is not likely  and point B  is most likely to be on a different 
vortex filament as A0. If points A0 and A1 are adopted, then the oblique shedding angle 
is only about (tan-1θ = 31.0− ) -1.91º. 
. 








Fig.2.7    Cr versus x2/d between fluctuating velocity signals, with reference hotwire 
at (4.0d, 0.65d, 0.0d) and hotwire 2 at (2.1-6.7d, 0.65d, 3.0d). Symbol “○” 
indicates maximum Cr. 
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2.4 Precautions Taken During Experiment 
Besides the precautions mentioned in the forgoing text, attention was also be paid to 
the following during the experiment. 
• Openings on the wind tunnel were carefully sealed to prevent any possible 
leakage. 
• The surface of the test cylinder was preserved in an unscratched condition. 
• The author ensured that the test cylinder was mounted exactly perpendicular to 
the free stream, and parallel to the ceiling and floor of the wind tunnel test 
section. 
• The test cylinder was prevented from accidental rotation during the 
experiments by two tightening nuts. 
• The DT 2838 data acquisition card used during experiment has a range of 
V 10± . The author ensured that this range was never exceeded during the 
entirely experiment.  
• The free stream velocity was maintained at a constant magnitude of 10.12 m/s 
throughout the entire experiment. 
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Chapter 3    Circular Cylinder Wake without 
Control Cylinders 
3.1 Introduction 
In order to fully appreciate the effects the control cylinders have on the wake of the 
test cylinder, experiments were first conducted without the control cylinders. During 
the experiments, the velocity of the free stream was maintained constant at 10.12m/s. 
The corresponding Reynolds number is 
v
dV∞=Re        (3.1) 
            45 10566.1106155.1
025.012.10 ×=×
×= − , 
where ∞V  = velocity of the approaching flow, 
ν = kinetic viscosity coefficient of the air, here ν=1.6155×10-5 m2/s 
corresponds to 1 standard atmosphere and 303K, and 
d = diameter of the test cylinder. 
At this Reynolds number, the wake of the circular cylinder falls within the Shear-Layer 
Transition Regime (Williamson (1996a)). Due to end effect and at such a high 
Reynolds number, the wake behind the circular cylinder is expected to be three-
dimensional.   
In this chapter, various aerodynamic parameters which include surface pressure 
distribution, lift and drag forces, vortex shedding pattern, the spanwise distribution of 
the Strouhal number, and velocity profile upstream of the test cylinder are measured 
and presented. These data/results serve two purposes.  First, they will be compared to 
similar and well known data in the literature.  They serve as a calibration accuracy 
Chapter 3  Circular Cylinder Wake without Control Cylinders 
 
—     — 28
verification of the present experimental set-up and approach. Second, they serve as a 
reference which  will later be compared to similar data of the test cylinder but with the 
control cylinders installed. 
3.2 Pressure Distribution, Draft and Lift Coefficient 
As mentioned in section 2.1.2,  the test cylinder has nineteen pressure taps installed 
along a generator at an even spacing of 50mm (2d) apart. By rotating the test cylinder 
from β=-180º to β=180º at a step of 10º, the spanwise pressure distribution on the test 
cylinder was measured.  















Fig.3.1 (a)   Circumferential distribution of Cpc (without control cylinders). 
Fig.3.1(a) shows the circumferential pressure coefficient (after blockage correction) 
distribution at different spanwise positions (z/d). Cpc equals to1.0 at the front 
stagnation point (β=0º)  as it should be.  As β increases, Cpc decreases gradually and 
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reaches its minimum at about ±(60º ~ 70º).   Thereafter Cpc increases slightly until a β 
of about ±90º, before it begins to gradually decrease towards the back of the cylinder. 
From Fig.3.1 (a) it is also obvious that the pressure distribution is spanwise location 
dependent, with the pressure in the wake region most negative at mid span, and 
gradually increases (becoming less negative) towards the ends of the cylinder.  









Fig.3.1 (b)    Circumferential distribution of Cpc, compared with data from literature. 
×   Experimental data at z/d=0.  +  West et al (1981), Re=1.5×104, 
BR=5.8%.  ○   West et al (1981), Re=1.5×104, BR=9%. 
In Fig.3.1 (b), the present experimental Cp data at mid-span are compared to similar 
data (at Re= 1.5×104, with end plates installed, and with aspect ratio of 4 and blockage 
ratio BR equals to 5.8% and 9%) reported in West et al. (1981). With the present 
blockage ratio of 4.17%, the present data are supposed to be in better agreement with 
West et al’s BR = 5.8% data. On the other hand, from Fig. 3.1 (b) it is clear that the 
present data actually agree better with West et al’s BR = 9% data. This discrepancy is 
likely to be caused by the differences in the details of the two different experiment, 
which include the difference in cylinder aspect ratio, whether end plates were 
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employed etc. However, generally speaking the agreement between the two sets of 
experimental data is still good. This renders support on the accuracy of the present 
experimental set-up and methodology.  
Another way of presenting the pressure variation is the polar plot of Cpc, and two 
examples of such plot (for z/d=0 and z/d=12) are shown in Fig.3.2. The polar plot has 
the advantage over the conventional Cpc distribution plot (Fig.3.1 (a)) in the sense that 
it can directly give an approximate idea of the magnitude of forces, which are 
proportional to the shaded area. For example, the two plots in Fig.3.2 demonstrate that 
the cylinder is subjected to zero lift force at both z/d locations (top/ bottom Cpc 
symmetry), and the drag at z/d=0 is larger than that at z/d=12 because of larger wake 
suction of the former. 
0 1 2
Cp
          0 1 2
Cp
 
        (a)                                                           (b)  
Fig.3.2 Circumferential distribution of Cpc. (a) z/d=0. (b) z/d=12. 
Fig.3.3 plots the variation of the spanwise distribution of Cpc at different azimuth angle 
(β). The results clearly show that other than along the front stagnation line (β =0º) at 
which Cpc=1, Cpc is spanwise location dependent. This is especially so downstream of 
the flow separation locations  (estimated to be approximately at  β = ±90º from 
Fig.3.1(a)). At β=±180º, the minimum (most negative) value of Cpc occurs at the mid-
Cpc Cpc
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span,  and Cpc increases gradually towards the ends of the cylinder, reaching its 
maximum (least negative) at about z/d=±14.  Beyond that, Cpc slightly decreases 
towards the ends of the cylinder near the wind tunnel side walls.  
Within the range of β ≈ ±50º, the spansie variation in Cpc is not significant. But in the 
range where β >50º, the pressure coefficient increases quite significantly from the 
mid-span towards the cylinder ends. The existence of a spanwise pressure gradient 
(especially in the wake) will result in a spanwise flow at the back of the cylinder, 
which could lead to oblique or curved vortex shedding. The vortex shedding pattern 
which will be discussed later in section 3.5 confirms this deduction. (For more 
information on the complete set of circumferential and spanwise pressure distribution 
data, please refer to Appendix C.1. To facilitate direct comparison with Cp obtained 
with control cylinders placed at optimum positions (second half of data in Appendix 
C),  note that  those data shown in  Appendix C.1 are before blockage correction. If 
necessary, blockage correction can be easily carried out by using the methods 
described in section 2.2.3 ). 






1.0  β = 0
o
 β = 20o
 β = 40o
 β = 60o
 β = 120o
 β = 180oCpc
z/d  
Fig.3.3   Spanwise distribution of Cpc (without control cylinders). 
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Based on the experimentally measured pressure distribution, the drag coefficient CD 
and the lift coefficient CL were calculated from integration (Eq.(2.4)). Fig.3.4 shows 
the results after blockage effects compensation (Eq. (2.5)).  
From Fig.3.4, the lift coefficient is quite uniform along the span and its magnitude is 
close to 0. Because of the Cpc spanwise variation trend in the wake region (discussed 
earlier with Fig.3.3), it is of no surprise to see that CDc is at its maximum (=1.2) at mid-
span (z/d=0), it gradually decreases towards the ends of the  cylinder and reaches a 
minimum of about 1.02 at z/d=±14. Beyond that, CDc increases slightly with z/d. The 
CDc magnitude of 1.2 (at z/d=0) is in excellent agreement with sub-critical Reynolds 
number CDc published in West et al (1981). 












Fig.3.4   Spanwise distribution of CDc & CLc (without control cylinders). 
3.3 Spanwise Distribution of the Strouhal Number  
By plotting the power spectra of the fluctuating velocity, two examples of which are 
shown in Fig.3.5, the vortex shedding frequency was recorded at different spanwise 
positions, from which the Strouhal number St was calculated in accordance to Eq. (2.8). 
The experimental uncertainty in the shedding frequency measured was less than 
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± 0.6Hz, leading to a Strouhal number error of ± 0.0015 at the corresponding velocity 
of 10.12m/s.  Fig.3.6 shows the spanwise distribution of Stc after blockage correction 
(Eq. (2.7)). The magnitude of Stc over the central span of the test cylinder is found to 
be around 0.195. It increases to 0.199 at z/d = ±10,  and then decreases towards the 
cylinder ends.  The spanwise variation of Stc is taken as further indication (in addition 
to the spanwise variation in base pressure and drag coefficient, etc.) that the vortex 
shedding pattern is three-dimensional.  
70 75 80 85 90 95
 z/d = 0
 z/d = 10PSD
 
)(Hzf  
Fig.3.5   Power spectra of the fluctuating velocity signal. 








Fig.3.6   Spanwise distribution of Stc (without control cylinders). 
For circular cylinder vortex shedding,  Fey et al. (1998) proposed a new Strouhal-
Reynolds-number relation in the form of  
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Re
* mStSt += .       (3.2) 
Coefficients St* and m for various ranges of Reynolds number (from Fey et al. (1998)) 
are presented in table 3.1.  
Table 3.1   Coefficients St* and m in Eq. (3.2) for ranges of 
Reynolds number (from Fey et al (1998)). 
















    laminar parallel shedding 
    wake transition: 
    vortex adhesion-, 
240<Re<360 depends on boundary condition     A-and B-mode instability 
360<Re<1300 














    B-Mode shedding 
   KH-instability in shear layer 
    subcritical regime 
  Note: δSt is the estimated error for the straight line approximation. 
In the present study, Re=1.566×104 and L/d=40. According to Eq. (3.2) and Table 3.1, 





+=St  1952.0= . 
This value agrees well with the present experiment’s mid-span Strouhal number of 
0.195± 0.0015. 
3.4 Velocity Profile upstream of the Test Cylinder 
To date, all the methods which include the TCCT used to achieve parallel shedding do 
so by manipulating the cylinder end conditions, in the form of slightly speeding up of 
the flow near the cylinder ends.  To further the understanding of the mechanism of the 
Transverse Control Cylinder Technique, the velocity profile upstream of the test 
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circular cylinder were measured. Fig.3.7 shows the spanwise velocity distribution at a 
distance of 1.6d upstream of the front stagnation line. 
  









Fig.3.7    Spanwise velocity distribution at y/d=0 and 1.6d upstream of  
the front stagnation line. 
Measured results showed that at a flow field free stream velocity of 10.12m/s, the 
velocity over the central part of the span from z/d=-8 to z/d=8 remained fairly uniform 
at approximately 8.5 m/s. Away from the above central span region, most likely under 
the influence of the test section  side wall, the velocity declined to about 8.2 m/s at 
z/d=±16.  It’s believed that this is the cause of the spanwise pressure variation reported 
earlier. 
3.5 Vortex Shedding Pattern  
With the method described in section 2.3.3, the vortex shedding pattern over the 
central span from z/d= -8 to 8 was estimated. The process started from the mid-span 
and proceeded towards the ends of the test cylinder.  Initially, the reference hotwire 
(hotwire 1) was fixed at point (4.0d, 0.65d, 0d). Hotwire 2 was located at (x2, 0.65d, 
3.0), and x2/d was varied in the x-direction at an interval of ∆x/d=0.1 to 0.2 (∆x=2.5 to 
5 mm). The correlation coefficient Cr of the velocity signals from hotwires 1 and 2 
∞VV /  
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were recorded.  Fig.3.8 (a) shows the variation of Cr with x2/d, and clearly Cr reaches 
its maximum value at the point (3.9d, 0.65d, 3.0d) (indicated by symbol “○” in Fig.3.8 
(a)). 








Fig. 3.8 (a)    Cr versus x2/d, with reference hotwire at (4.0d, 0.65d, 0.0d)  
and hotwire 2 at (x2, 0.65d, 3.0d). 
Next, the  same Cr estimation process  was repeated but with hotwire 1 displaced to 
(3.9d, 0.65d, 3.0d) and hotwire 2 to (x2, 0.65d, 5.5d).  After measuring and plotting Cr 
versus x2/d, another maximum correlation point at  (3.8d, 0.65d, 8.0d) was identified, 
and this is shown in Fig.3.8 (b).   









Fig.3.8 (b)   Cr versus x2/d, with reference hotwire at (3.9d, 0.65d, 3.0d)  
and hotwire 2 at (x2, 0.65d, 5.5d). 
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Then with hotwire 1 displaced to (3.8d, 0.65d, 5.5d), and hotwire 2 to (x2, 0.65d, 8.0d), 
the next point (3.7d, 0.65d, 8.0d) was identified, as shown in Fig.3.8 (c).  The same 
measurement was repeated until the entire cylinder span was covered.  









Fig.3.8 (c)   Cr versus x2/d, with reference hotwire at (3.8d, 0.65d, 5.5d)  
and hotwire 2 at (x2, 0.65d, 8.0d). 
 
Over the other (negative z) half of the cylinder span, we have: 








Fig.3.8 (d)   Cr versus x2/d, with reference hotwire at (4.0d, 0.65d, 0.0d)  
and hotwire 2 at (x2, 0.65d, -3.0d). 
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Fig.3.8 (e)   Cr versus x2/d, with reference hotwire at (3.9d, 0.65d, -3.0d)  
and hotwire 2 at (x2, 0.65d, -5.5d). 








Fig.3.8 (f)   Cr versus x2/d, with reference hotwire at (3.7d, 0.65d, -5.5d)  
and hotwire 2 at (x2, 0.65d, -8.0d). 
Figs.3.8 (a to f)   Spanwise correlation of the velocity signals to determine the vortex 
shedding pattern (without control cylinders). Symbol “○”indicates 
maximum Cr.  
As shown in Figs.3.8 (a to f), a total of 7 data points were obtained over the cylinder 
span from z/d=-8 to 8. Via the estimation of the maximum correlation between two 
adjacent spanwise points, the shape of the primary (Karman) vortex was estimated as 
is ploted in Fig.3.9. 
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Fig.3.9   Shape of the primary vortex (without the control cylinders). 
From Fig.3.9, it was clear that the primary vortex filament was curved and was 
approximately symmetrical with respect to the mid-span of the test cylinder. From the 
mid-span towards the cylinder ends, it slightly curved in the upstream direction. In 
reference to the results of Hammache and Gharib (1991), this (convex downstream) 
primary vortex shape suggests that the base pressure at the ends of the cylinder are less 
negative than that at mid-span. The resulting spanwise flow at the base of the cylinder 
is one that flows from the ends towards the mid-span of the cylinder. (Note, in section 
4.5.3 in the next chapter, the author will present measured spanwise base pressure 
distribution to demonstrate that this deduction is indeed valid.) 
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Chapter 4   TCCT Method and End Effects  
on Circular Cylinder Wake 
4.1 Optimal Distance L0 to Induce Parallel Shedding 
As mentioned in Chapter 1, Hammache and Gharib (1989, 1991) developed the 
Transverse Control Cylinder Technique (TCCT) in 1989. Relevant investigation 
showed that with different control distance L, various vortex shedding patterns, 
including curved, oblique and parallel shedding  could be  induced.  With both control 
cylinders symmetrically located at an optimum distance (i.e., L1 =L2=L0), parallel 
vortex shedding was obtained.  
Hammache and Ghrib’s investigations were carried out at low Reynolds numbers from 
40 to 160.  In this chapter, the same method will be applied and its influence on the 
circular cylinder wake at a much higher Reynolds number will be evaluated. During 
the experiment, the free stream velocity was kept constant at 10.12m/s, and the 
corresponding Reynolds number is  Re=1.566×104. 
Several series of experiments were first conducted with the trial approach to find out if 
there exists an optimal control distance L0 for parallel shedding to take place. The data 
acquisition  procedures are similar to those used to determine the shedding pattern, 
which had been described in details in the previous chapter. They are briefly 
summarized up in the following: 
(1) First,  the control cylinders are symmetrically located with respect to the mid-
span of the cylinder and kept at equi-distance from the test cylinder, i.e., 
L1=L2=L, where L will be varied.  
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(2) Hotwire 1 is fixed at (4.0d, 0.65d, 0d), and hotwire 2 is positioned at (x2, 0.65d, 
3.0d). If the magnitude of L is such that parallel vortex shedding is induced, then 
x2=4.0d, and this part of the experiment is completed. 
(3) If x2≠4.0d, the vortex shedding is oblique, vary L to the next value and (2) is 
repeated.  
Steps (1) to (3) above only ensure that over the spanwise region of z/d=0 to 3,  the 
vortex shedding is parallel. However, this does not ensure that parallel vortex shedding 
takes place over the entire span of the cylinder. To ascertain that the latter is the case, 
other z/d ranges of 3.0 to 5.5 and 5.5 to 8.0 will also be investigated for the 
determination of the optimum locations for the two control cylinders. The results 
obtained are presented in the following sections.  
4.1.1 Vortex Shedding Pattern over the Range of z/d=0 to 3 
The vortex shedding geometries over the span from z/d=0 to z/d=3 was first tested. 
Hotwire 1 was fixed at (4.0d, 0.65d, 0.0d), and hotwire 2 at (x2, 0.65d, 3.0d). Figs.4.1 
(a to e) show the Cr versus x2/d results obtained at different control distance L. 








Fig. 4.1 (a)   Cr versus x2/d, L1=L2=1.0D. 
Chapter 4  TCCT Method and End Effects on Circular  Cylinder Wake 
 
—     — 42







Fig. 4.1 (b)   Cr versus x2/d, L1=L2=1.20D. 








Fig. 4.1 (c) Cr versus x2/d, L1=L2=1.26D. 








Fig. 4.1 (d) Cr versus x2/d, L1=L2=1.30D. 
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Fig. 4.1 (e) Cr versus x2/d, L1=L2=1.50D. 
Figs.4.1 (a to e)   Spanwise Cr versus x2/d at different control distance L. Hotwire 1 was 
positioned at (4.0d, 0.65d, 0.0d) and hotwire 2 at (x2, 0.65d, 3.0d). 
Symbol “○” indicates maximum Cr. 
Based on results shown from Figs.4.1 (a to e), the variation of x2m with L was plotted 
in Fig.4.2. Where x2m denotes x coordinate of hotwire 2 at which Cr reaches its 
maximum value. Clearly x2m decreases with an increase in L.  When the control 
cylinder distance is increased from L/D=1.0 to 1.50, x2m /d decreases from 4.3 to 3.9. 
The optimum control distance L0, at which x2m = x1 (=4d in the present case), falls in 
the L/D range of 1.26∼1.30. 










Fig. 4.2   x2m/d versus L/D; x1 /d=4, y1/d=y2/d=0.65, z1/d =0, z2/d =3. 
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As  the control cylinders were moved from L/D=1.26 to L/D=1.30, the value of x2m 
remained unchanged and equal to x1 (=4.0d). This implies that over this L/D range the 
vortex shedding (at least from z/d=0 to 3) remains unchanged and is parallel to the axis 
of the test cylinder. To get more accurate value of the optimum control distance L0, 
further measurement need to be conducted. 
4.1.2 Vortex Shedding Pattern over the Range of z/d=3 to 5.5 
With the same procedures, the vortex shedding geometries over the range from z/d=3 
to z/d=5.5 were studied. The final results were plotted in Fig.4.3 which shows the 
variation of x2m/d with L. Detail results on Cr versus x2/d at different control distance 
L are placed in Appendix D.1. 










Fig.4.3   x2m/d versus L/D; x1 /d=4.0, y1/d=y2/d=0.65, z1/d =3, z2 /d=5.5. 
From Fig.4.3, it can be seen that as L/D increases from 1.15 to 1.45, x2m/d decreases 
from 4.4 to 3.6.  When L1=L2=1.26D, x2m=x1, suggesting the presence of parallel 
vortex shedding. The optimum (leads to parallel shedding) magnitude of L is in good 
agreement with the optimum L found from Cr data in the z/d =0 to 3 range. 
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4.1.3 Vortex Shedding Pattern in the Range of z/d=5.5 to 8.0 
To further confirm the  optimum control distance of L0=1.26D, the vortex shedding 
pattern over the range of z/d=5.5 to z/d=8.0 were studied. Fig.4.4 shows the 
experimental results (detail results on Cr versus x2/d at different L are placed in 
Appendix D.2.), x2m/d also decreases with increasing of L/D. However as L/D 
increases from 1.15 to 1.40, parallel shedding could not be induced.  Even at the 
relatively small control distance of L/D=1.15, x2m is still smaller than x1(=4d). This is 
different from the results obtained over the z/d ranges of 0 to 3 and 3 to 5.5, where at 
small L/D, x2m>x1(=4d). 











Fig.4.4   x2m/d versus L/D; x1/d =4, y1/d=y2/d=0.65, z1/d =5.5, z2/d =8. 
Since for the results of z/d =5.5 to 8.0, L/D was only varied in the range of 1.15 to 1.4, 
it may be argued that parallel shedding may be induced if L/D assumed a value that is 
smaller than 1.15. However even if that is the case, from Fig.4.2 and 4.3, it is clear that 
in the L/D range smaller than 1.15, parallel shedding does not take place in the z/d 
range of 0 to 5.5, it thus appears that in the present experimental set-up, despite the 
control cylinders being positioned at z/d=±16, parallel shedding can only be induced in 
the z/d range of approximately -5.5 to 5.5. The most probable explanation for this 
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observation is because of the presence of the control cylinders’ wakes, which interact/ 
interfere with the flow past the test cylinder, although the details of the 
interaction/interference are not known at present. 
4.2 Parallel Vortex Shedding Obtained at L1=L2=L0=1.26D 
4.2.1 Vortex Shedding Pattern 
With the control cylinders fixed at L1/D=L2/D=1.26, the vortex shedding pattern over 
the part of the span from z/d= -8 to 8 was investigated. The following figures show the 
results of spanwise correlation of the velocity. 







Fig. 4.5 (a)   Cr versus x2/d, with reference hotwire at (4.0d, 0.65d, 0.0d) 
and hotwire 2 at (x2, 0.65d, -3.0d). 







Fig. 4.5 (b)   Cr versus x2/d, with reference hotwire at (4.0d, 0.65d, -3.0d) 
and hotwire 2 at (x2, 0.65d, -5.5d). 
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Fig. 4.5 (c)   Cr versus x2/d, with reference hotwire at (4.0d, 0.65d, -5.5d) 
and hotwire 2 at (x2, 0.65d, -8.0d). 








Fig. 4.5 (d)  Cr versus x2/d, with reference hotwire at (4.0d, 0.65d, 0.0d) 
and hotwire 2 at (x2, 0.65d, 3.0d). 








Fig. 4.5 (e)   Cr versus x2/d, with reference hotwire at (4.0d, 0.65d, 3.0d) 
and hotwire 2 at (x2, 0.65d, 5.5d). 
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x2/d   
Fig. 4.5 (f)   Cr versus x2/d, with reference hotwire at (4.0d, 0.65d, 5.5d) 
and hotwire 2 at (x2, 0.65d, 8.0d). 
Figs.4.5 (a to f)  Spanwise correlation of the velocity signals to determine the vortex   
shedding pattern, L1=L2=L0=1.26D. Symbol “○” indicates maximum Cr. 
By noting the x2/d magnitude for maximum Cr at various z/d’s, the shape of the 
primary Karman vortex can be deduced and it is plotted in Fig.4.6. As can be seen, 
over the range of z/d=-5.5 to z/d=5.5, the primary vortex filament was almost 
completely parallel to the cylinder. Beyond that and towards the cylinder ends, the 
primary vortex curved slightly upstream, probably due to the influence of the wakes 
imposed by the control cylinders.  






Fig.4.6   Parallel shedding obtained with the control cylinders at L1=L2=L0=1.26D. 
Another way to verify whether parallel vortex shedding has been successfully induced 
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would be studying the traces of wake velocity signals. At Reynolds number of 
Re=1.566×104, the turbulence level in the cylinder wake was high. The vortex 
shedding from the test cylinder and the fluctuating wake velocity signal were not 
highly regular. However, despite this being the case, different wake velocity signals 
could still be measured and their  phase  relation was studied.  Fig.4.7 shows the two 
velocity signals recorded simultaneously with a sampling ratio of 3000 samples/s. 
Hotwire 1 was fixed at point (4.0d, 0.65d, 0.0d), and hotwire 2 at point (4.0d, 0.65d, 
3.0d). Since the Reynolds number is quite high ( 410566.1 × ), the velocity signal is 
somewhat chaotic. But during the time interval shown in the plot, it could still be seen 
that the two wake velocity signals, though separated by a spanwise distance of ∆z/d=3, 
are generally in-phase. Because the x-position for both hotwires are the same (x1/d= 
x2/d= 4), this implies that parallel vortex shedding takes place at least  within the z/d 
range of 0 to 3. 















Time t (ms)  
Fig.4.7 Velocity signal traces with hotwire 1 at (4.0d, 0.65d, 0d) and 
hotwire 2 at (4.0d, 0.65d, 3.0d). 
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4.2.2 Spanwise Distribution of the Strouhal Number  
Figure 4.8 shows the power spectrum of the fluctuating velocity at the mid-span, the 
vortex shedding frequency sf is around 95 Hz. 
0 30 60 90 120 150 180 210 240 270 300
PSD
 
(Hz)  f  
Fig.4.8     Power spectrum of the velocity at the mid-span, with the hotwire fixed 
at (4.0d, 0.65d, 0.0d). Control cylinders were at optimum locations  
(i.e., L1=L2=L0=1.26D). 
Based on the shedding frequency sf , the Strouhal number St is calculated according to 
Eq.(2.8), and ∞V  is the free stream velocity which is 10.12m/s. As shown in Fig.4.9, 
the value of St  remains quite uniform  over the span from z/d=-8 to z/d=8.  It varies 
slightly from a minimum value of 0.235 to a maximum of 0.237, with an uncertainty of 
St∆ =0.0015. The mean value is St0 = 0.236. The uniform spanwise distribution of St is 
taken as another indication that the vortex shedding is parallel.  
Beyond the spanwise region of z/d=-8.0 to z/d=8.0, two shedding frequencies were 
detected. The power spectrum of the velocity at z/d=-9.0 is plotted in Fig. 4.10.  A 
peak was observed near 
1,s
f =89 Hz, and another at about 2,sf = 23Hz. As mentioned 
in section 4.1.3, the flow near the ends of the test cylinder was under the influence of 
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the control cylinder’s wakes. The peak at
1,s
f (=89 Hz) is due to the  shedding of 
vortices from the main cylinder, while the peak at 2,sf (=23 Hz) is caused by vortices 
shed by  the control cylinders. Note that the diameter of the control cylinders 
(=100mm) is four times that of the test cylinder (=25mm). Since from literature it is 
known that the Strouhal number is fairly constant in the sub-critical Reynolds number 
range, it is therefore quite expected that the control cylinders shed vortices at about 
one quarter the frequency of the test cylinder (23Hz/89Hz=0.258). 









Fig. 4.9   Spanwise distribution of St, L1=L2=L0. 
0 30 60 90 120 150 180 210 240 270 300
PSD
 
(Hz)  f  
Fig.4.10       Power spectrum of the velocity near cylinder end with the hotwire fixed 
at (4.0d, 0.65d, -9.0d). Control cylinders were at optimum locations (i.e., 
L1=L2=L0=1.26D). 
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4.2.3 Surface Pressure Coefficient Distribution 
To show the influences the control cylinders have on the pressure distribution of the 
test cylinder, circumferential and spanwise distribution of Cp were measured. Cp is 
calculated according to Eq. (2.2) and the free stream velocity ∞V =10.12 m/s. Selected 
data are presented in Fig.4.11 and Fig.4.12, while the complete set of Cp data are 
placed in Appendix C.2. 











 z/d = 0 
 z/d = 2
 z/d = 4
 z/d = 6
 z/d = 8
 
Fig.4.11   Circumferential distribution of CP, L1=L2 = L0. 
Due to blockage effects, the control cylinders changed the near field velocity and the 
surface pressure distribution of the test cylinder. Fig.4.11 shows that Cp is slightly 
below 1.0 at the front stagnation point (β=0º). As β increases, Cp decreases gradually 
and reaches its minimum at round 70º with a magnitude of around -2.24. CP then 
increases until β reaches about ±90º and thereafter slightly decreases towards the back 
of the cylinder. 
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Fig.4.11 shows that within the central span from z/d=-8.0 to z/d=8.0, the curves of Cp 
versus β at different spanwise positions nearly overlaps each other. Fig.4.12 also 
shows that the spanwise pressure distribution over the central span is quite uniform. 
This is another sign that parallel shedding takes place over the spanwise range of 
8.0  z/d 8.0- ≤≤ . The present results will be further discussed in section 4.6.  








1.0  β = 0o
 β = 20o
 β = 40o
 β = 60o
 β = 120o
 β = 180oCp
z/d  
Fig.4.12   Spanwise distribution of Cp, L1=L2 = L0. 
4.3 Curved Vortex Shedding Obtained at L1=L2≠L0 
To further study the effects of the control distance L on the vortex shedding geometries, 
the vortex shedding pattern was estimated while the control cylinders were placed at 
different control distances. During the experiment in this section and the following 
section 4.4, the free stream velocity was kept constant at 10.12m/s. 
4.3.1 (L1=L2) >L0 
First the control cylinders were position at a distance larger than the optimum distance 
L0, with L1=L2=1.5D. By using the same method/approach explained in section 4.2.1, 
the shape of the primary vortex was estimated and is shown in Fig.4.13 (detail data of 
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the spanwise correlation Cr of the velocity fluctuation are placed in Appendix E.1). It 
shows that with L1=L2=1.5D, the primary vortex is curved in a convex downstream 
manner over the range of z/d= 0.8−  to 8.0, and is symmetrical about mid-span. This 
primary vortex shape agrees with Hammache & Gharib’s finding (1991) at low 
Reynolds numbers.  









Fig.4.13   Curved shedding obtained with the control cylinders placed at L1 =L2=1.5D. 
The corresponding Strouhal number spanwise distribution is shown in Fig.4.14. As can 
be seen, the St magnitude is smaller than the parallel  shedding magnitude of about 
0.236, and is relatively constant  over the reduced spanwise extent of approximately 
0.4− ≤ z/d ≤ 4.0. Beyond the above-mentioned z/d range, St begins to reduce towards 
the ends of the cylinder. 








Fig.4.14   Spanwise distribution of St, L1 =L2 =1.5D. 
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4.3.2 (L1=L2) <L0 
Fairly expectedly, when the gaps between the control cylinders and the test cylinder 
were reduced to (L1=L2) <L0, the shape of the primary vortex becomes concave 
downstream and symmetrical with respect to mid-span, opposite to the case when 
(L1=L2) >L0 (section 4.3.1). This phenomenon was also reported by Hammache & 
Gharib (1991). One difference here is that for 5.5 z/d > , the primary vortex changes 
direction and turns slightly upstream. The reverse to this is not seen in the (L1=L2) >L0 
case.  The above are shown in Fig.4.15. The detail data of the spanwise correlation 
coefficient Cr of the velocity fluctuation are placed in Appendix E.2. 









Fig.4.15   Curved shedding obtained with the control cylinders placed at L1 =L2 =1.0D. 
Fig.4.16 presents the spanwise distribution of St. The minimum value of St around 
0.235 appears in  the mid-span,  and the magnitude increases towards the ends and 
reaches a maximum of about 0.239 at about z/d=±4. Thereafter, St slightly decreases 
towards z/d=±8. When compared to the case of (L1=L2) >L0, it is clear that St 
generally has larger magnitude when (L1=L2) <L0 than when (L1=L2) >L0.  
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Fig.4.16   Spanwise distribution of St, L1 =L2 =1.0D. 
4.4 Oblique Shedding Obtained at L1≠L2 
Results obtained so far have showed that when L1=L2, the vortex shedding pattern is 
always symmetrical with respect to the mid-span of the test cylinder. In the following 
experiments, we look into the vortex shedding patterns when the control cylinders 
were positioned such that L1≠L2.  
4.4.1   L1< L0< L2 
In the case of L1<L0< L2, oblique shedding was induced.  Fig.4.17 shows the shape of 
the primary vortex with L1=1.0D and L2=1.5D.  Over the span from z/d= -5.5 to 5.5, 
the shedding filament was linear and oblique (for detail data of Cr versus x2/d, refer to 
Appendix E.3). This observation again agrees with Hammache & Gharib’s 
investigation in the laminar vortex shedding regime.  















2.53.3 tan 1-  
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Fig.4.17   Oblique shedding induced by asymmetric control cylinders, L1=1.0D, L2=1.5D.  
Figure 4.18 shows the spanwise distribution of the Strouhal number. Excluding the St 
data near the ends of the cylinder which were under the influences of the control 
cylinders, in the z/d= -5 to 5 range, St decreases gradually from approximately 0.234 
to 0.231. 









Fig.4.18   Spanwise distribution of St, L1=1.0D, L2=1.5D. 
In an attempt to find a relation between the parallel shedding  and  oblique shedding 
Strouhal number, we subject our Strouhal number data to the Cosine Law proposed by 
Williamsion (1988), which defines the relationship of the Strouhal numbers between 
oblique shedding θSt  and parallel shedding 0St  as θθ cos0 ⋅= StSt . 
For parallel shedding presented in section 4.2.2, the mean value of St was St0=0.236. 
For the present oblique shedding with a shedding angle of °−= 8.9θ , according to the 
cosine law, the Strouhal number for the oblique shedding would be 
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θθ cos0 ⋅= StSt        (4.2) 
                 233.0)8.9cos(236.0 =°−×= . 
For the experimental results shown in Fig.4.18 and within the z/d range of z/d= -5 to 5, 
the mean value of the St is 0.233.  This is in excellent agreement with the magnitude 
predicted from the measured parallel shedding St0 and the Cosine Law. 
With the present control cylinder positions of L1=1.0D and L2=1.5D, the author 
repeated that experiment that generated the data shown in Fig.4.7. With hotwire 1 
positioned at (4.0d, 0.65d, 0d) and hotwire 2 at (4.0d, 0.65d, 3.0d), the fluctuating 
velocities were recorded. As shown in Fig.4.19, there was clearly a phase delay of the 
signal of hotwire 2 from that of hotwire 1. Considering the present way of oblique 
shedding (see Fig.4.17), it is logical that a certain slanted primary vortex will first past 
hotwire 1 and then hotwire 2 at a slightly later time. This   explains the phase 
difference observed in Fig.4.19. 













Time t (ms)  
Fig.4.19 Velocity signal traces with hotwire 1 at (4.0d, 0.65d, 0.0d) and 
hotwire 2 at (4.0d, 0.65d, 3.0d). 
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4.4.2   L1>L0 >L2 
In the case of L1>L0> L2, the vortex shedding pattern remained oblique, but the sign of 
the oblique angle became opposite to when L1<L0< L2. Fig.4.20 shows the shape of the 
primary vortex filament with L1 =1.75D and L2=0.75D. Detailed Cr versus x2/d data 
are included in Appendix E.4. 
It seems that the shedding angle increases with the difference between L1 and L2. In 
section 4.4.1,  DLLL 5.021 −=−=∆ , and the shedding angle was °−= 8.9θ . In the 

































Fig.4.20 Oblique shedding induced by asymmetric control cylinders,  
L1=1.75D, L2=0.75D. 
Fig.4.21 shows the spanwise distribution of the Strouhal number. It generally increases 
with z/d, with a maximum value (=0.239) appearing at z/d=6. Thereafter St decreases 
due to the influence of the control cylinder wake. 
The value of St at the mid-span was: Stθ = 0.231. According to the cosine law: 
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θθ cos0 ⋅=′ StSt        
231.081.11cos236.0 =°×=  
This value agrees well with the experimentally measured Stθ  in the mid-span. 










Fig.4.21   Spanwise distribution of St, L1=1.75D, L2=0.75D. 
4.5  Comparison of Flow Parameters without Control Cylinders and 
with Control Cylinders Installed at Optimum Locations 
4.5.1 Shedding pattern  and Spanwise Correlation 
In this section, the focus is on comparing various flow parameters associated with the 
test cylinders, either by itself (i.e., without control cylinders) or with the control 
cylinders installed at the optimum locations of L1=L2=L0=1.26D, as determined in 
section 4.1. 
Fig.4.22 compares the shapes of the two primary vortex cores.  Before the addition of 
the control cylinders, the primary vortex was curved in the convex downstream 
manner. After the control cylinders were installed at the optimal control distance, the 
shedding pattern over the effective span became parallel. 
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 without control cylinders
 with control cylinders (L1=L2=L0)
x/d
z/d  
Fig.4.22   Variation in the shape of the primary vortex core, with and without 
control cylinders installed. 
Fig.4.23 shows the spanwise correlation of the fluctuating velocity. In both cases, Cr 
drops with increasing spanwise separation ∆z. However, the value of Cr for parallel 
shedding is consistently larger than their no control cylinders counterparts. The only 
exception is at z/d=1, where the two Cr’s have effectively the same magnitude. 





 no control cylinders









Fig.4.23   Spanwise correlation of the velocity signals with hotwire 1 fixed at (4.0d, 
0.65d, 0.0d) and hotwire 2 in the region (4.0d, 0.65d, z/d=1.0 to 6.0). 
4.5.2 Change of the Velocity Profile  
In reference to Williamson (1996a), four methods that can minimize the end effects of 
the wake flow to achieve parallel shedding were mentioned in section1.2 of the present 
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thesis. All these techniques involve a slight speeding up of the flow near the cylinder 
ends.  
With a pitot-tube, the velocity  profile of the approaching flow was measured in the 
cross-flow plane at x/d=-2.6, which is a plane 1.6d upstream from the front stagnation 
line. Because the pitot-tube has to have its front portion aligned to the flow when it is 
used, the cross-flow plane of x/d=-2.6 is about the closest (to the cylinder) upstream 
plane that the author can carry out a velocity distribution measurement.  Fig.4.24 
shows the mid-span (z/d=0) y-direction velocity profile. Towards the front stagnation 
point, the velocity of the approaching flow would decelerate gradually to 0.  Before the 
addition of the control cylinders, the flow velocity decreased to about 8.4m/s at a 
distance of 1.6d (40mm) upstream from the mid-span stagnation point. After the 
addition of the control cylinders (at L1=L2=L0), due to the blockage effect (20%), the 
flow velocity was increased to about 9.9m/s. Away from the mid-height (y/d=0) region 
of the test-section (in the regions 2/ >dy ), the y-direction (vertical) velocity 
distribution was quite uniform. The relatively constant velocity increased from about 
10.3m/s when there were no control cylinders, to about 12.3 m/s after the control 
cylinders were in position. 
In the spanwise (z) direction and over the region -8≤z/d≤8, experimental results 
showed that the flow velocity was increased from 8.4m/s when there were no control 
cylinders to around 9.9 m/s when the control  cylinders were installed at L1=L2=L0. 
Results also showed that the control cylinders sped up the flow near the test cylinder 
ends. Fig.4.25 shows the spanwise distribution of the velocity at y=0. Before the 
addition of the control cylinder, the velocity near the test section vertical side walls 
slightly decreases due to the influence of the wall boundary layers. (Note that this 
slight reduction in velocity towards the ends of the cylinder is consistent with the 
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deduction made earlier from Fig.3.9 (shape of the primary vortex core) in section 3.5 
that at the back of the cylinder, the pressure was higher at the ends and lower at mid-
span.) After the addition of the control cylinders, the flow velocity near the cylinder 
ends is accelerated, confirming what was mentioned in Williamson (1996a). 









 without control cylinders
 with control cylinders at
            L1=L2=L0
y/d
V (m/s)  
Fig.4.24   y-direction velocity distribution at mid-span (z/d=0) in the cross-flow  
plane x/d=-2.6. 







 without control cylinders
 with control cylinders (L=L
0
)
  V 
(m/s)
z/d  
Fig.4.25   z-direction spanwise velocity distribution at mid-height (y/d=0),  
in the cross-flow plane x/d =-2.6. 
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In order to  present an even clearer picture, the z- and y-direction velocity variation 
shown in Figs.4.24 and 4.25 respectively, are combined into three-dimensional 
velocity distribution plots as shown in Figs.4.26 (a) and (b), for the cases of no control 






































































Fig.4.26   Velocity profile in the cross-flow plane of x/d=-2.6. (a) Without   
control cylinders. (b) With control cylinders at L1=L2=L0. 
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4.5.3 Pressure Distribution, Drag and Lift Coefficient  
The pressure distribution was compared between the curved shedding before the 
addition of the control cylinders and the parallel shedding with control cylinders. 
Fig.4.27 compares the circumferential pressure distribution of Cp (before blockage 
correction) at mid-span of the test cylinder, either by itself or with control cylinders 
installed at the optimum locations (L1=L2=L0).  













 with control cylinders (L1=L2=L0)
 without control cylinders
 
Fig.4.27   Effects of control cylinders on mid-span (z/d=0) circumferential 
pressure distribution. 
From Fig.4.27, it is seen that due at least partially to the additional blockage incurred 
when the control cylinders are in place, and to the elimination of the spanwise base 
flow when the control cylinders were installed at the optimum locations, the 
circumferential pressure around the test cylinder at mid-span has reduced in the 
presence of the control cylinders. This includes a “stagnation” pressure coefficient of 
less than 1 at β=0º, which has been mentioned earlier in reference to Fig.4.11. 
However, it is also quite obvious that the reduction in pressure over the downstream 
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half of the test cylinder (90º<β≤180º and 00 18090 −≥>− β ) is more significant. This 
will result in an increase in the drag acting on the cylinder. The flow separation 
positions appear to be relatively free from the influence of the control cylinders and 
remain relatively unchanged at approximately 090±=sepβ .  
Fig.4.28 and Fig.4.29 show the spanwise distribution of Cp at β=150º and β=180º, 
respectively. Without the control cylinders at their optimum locations, the pressure 
distributions at both β=150º and β=180º are non-uniform. The lowest (most negative) 
pressure takes place at mid-span, and the pressure increases towards the ends of the 
cylinders, reaching a (least negative) maximum near z/d=± 14. Beyond 14/ =dz , the 
pressure reduces slightly with z/d. The spanwise pressure distribution at β=180º 
therefore suggests that in the absence of the control cylinders, the pressure at the back 
of the cylinder (β=180º) is higher near the ends and lower at mid-span (z/d=0) of the 
cylinder. The spanwise flows at the back of the cylinder, therefore flows from the ends 
of the cylinder towards its mid-span. This centre seeking flow is believed to be 
responsible for the curved shedding reported in Fig.3.9. With the control cylinders 
installed at the most optimum positions (L1=L2=L0), the entire spanwise base pressure 
(Cpb, =Cp at β=180º) becomes more negative. However, the base pressure is now 
uniform over the span of -10<z/d<10. Beyond that Cpb first decreases further slightly, 
before increasing towards the ends of the cylinder. The last bit of increasing trend is 
believed to be under the influence of the wakes of the control cylinders. It’s believed 
that  the uniform base pressure  over -10<z/d<10 results in a straight primary vortex 
core, or what is more commonly referred to as parallel vortex shedding. 
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 without control cylinders
 
Fig.4.28   Effects of control cylinders on spanwise pressure distribution of CP  
at β=150º. 

















 without control cylinders
 
Fig.4.29   Effects of control cylinders on spanwise pressure distribution of CP 
at β=180º. 
Figs.4.30 (a) and (b) present the surface pressure variation over the rear half of the 
cylinder ( ≥β 90o), for the cases of no control cylinder and control cylinders 
optimumly placed (parallel shedding), respectively. To facilitate the comparison, the 
spanwise variation of CP over the rear half of the cylinder is magnified by a factor of 
50 to make any variation/differences more apparent.  
.   50)( ,, ×−=∆ PiPiP CCC ,     (4.3)  
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1 , mean value of  the pressure  coefficient over the rear 

















































Fig.4.30      Surface pressure variation over the rear half of the cylinder ( ≥β 90o). 
(a) Without control cylinders.  (b) With control cylinders at L1=L2=L0. 
Fig.4.30 (a) and (b) show surface pressure variation over the rear half of the cylinder 
even more clearly because they enable one to examine the surface pressure variation 
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over the rear half of the cylinder in one glance, and not merely confined to the results 
at β=150º and β=180º. However, the deduction one can make from Fig.4.30 (a) and (b) 
are essentially the same as those made from studying the β=180º results. Before the 
addition of the control cylinders, the pressure distribution showed clear spanwise 
variation. Cp increases from a minimum value at the mid-span to the maximam at 
around z/d=±14, and then slightly decreases slightly towards the cylinder ends.  In the 
case of parallel shedding, lower pressure regions were formed near z/d=±12, and the 
Cp distribution over the central span from z/d=-8 to z/d=8 is very uniform. Similar 
observations regarding the uniformity of the base pressure during parallel shedding 
were reported by Hammache and Gharib (1991) at low Reynolds numbers. 
To further investigate the mechanism of the control cylinders through which parallel 
shedding is induced, the spanwise pressure distribution at β=180º (Cpb) in other cases 
is measured and presented in Fig.4.31.  































Fig.4.31   Cpb (β=180º) versus z/d with control cylinders at various distance from 
test cylinder. 
They clearly show that the control cylinders affect the pressure distribution over the 
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central span of the test cylinder, and this influence is manipulable through adjusting 
the control cylinder distance (L) from the test cylinder. Only with the control cylinders 
located at the optimum distance L0, the pressure distribution over the central span 
becomes uniform and eventually leads to parallel shedding. The effects of the control 
cylinder distance L  on the pressure distribution  and vortex shedding will be further 
discussed in section 4.6. 
In the present work, the drag and lift  coefficients were calculated from the surface 
pressure coefficient distribution. The results obtained are presented in Fig.4.32, for 
both the cases of no control cylinders and control cylinders at L1=L2=L0. For CL, in 
both cases, the magnitude remains effectively zero over the whole span which is 
expected from symmetry consideration. For CD, without control cylinders it is at a 
maximum magnitude of about 1.238 (reduced to 1.2 after blockage correction) at mid-
span, and decreases gradually towards the cylinder ends. The magnitude of 1.2, is in 
very good agreement with the magnitude of CD in the Reynolds number regime of 
about 104 to 3×105, reported by numerous researchers in the literature. For the case of 
parallel shedding (control cylinders installed at L1=L2=L0), within the range of z/d=-10 
to 10, the values of CD increases to around 1.6, and  remains fairly constant.  In the 
regions ,12/ >dz CD drops rapidly to minima of approximately 0.2 at z/d= ± 16. 
These are the locations of the control cylinders. The drop in local CD there is because 
that part of the test cylinder is directly within the wakes of the control cylinders. To 
end the discussion on drag coefficient, the author feels obliged to point out that the 
much larger drag coefficient of 1.6 is at least partially a consequence of the large 
blockage introduced by the control cylinders. The present configuration of one test 
cylinder and two larger transverse control cylinders located near the former’s ends is 
such that no known blockage correction method is available for application. The 
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magnitude of a two-dimensional flow drag coefficient at the present Reynolds number 
(likely to be less than 1.6) remains to be a goal for future investigation. 








 CD without control cylinders
 CL without control cylinders
 CD with control cylinders (L1=L2=L0)
 CL with control cylinders (L1=L2=L0)
CD&CL
z/d  
Fig.4.32   Spanwise distribution of CL & CD, with and without control cylinders. 
4.5.4 Strouhal Number 
The power spectra of the fluctuating velocity before and after addition of the control 
cylinders are compared in Fig.4.33. Clearly with the control cylinders, the accelerated 
flow velocity resulted in a higher shedding frequency. The shedding frequency sf   
increases from about 80 Hz (no control cylinders) to 95.5 Hz (with control cylinders at 
L1=L2=L0=1.26D). The presence of the control cylinders also appears to increase the 
turbulence level in the flow, as the power spectral density is increased over the entire 
range investigated.  
The spanwise distribution of the Strouhal number is plotted in Fig.4.34. Without the 
control cylinders, the magnitude of the St is around 0.199 (after blockage Stc=0.195) 
near the mid-span of the test cylinder. Then St slightly decreases to about 0.198 at z/d 
= ±5 before it gradually increases to around 0.20 near z/d=±12, thereafter St slightly 
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drops towards the cylinder ends. For parallel shedding, St remains quite uniform over 
the central span (-8<z/d<8) and the magnitude increases to be close to a mean value of 
0.236. 
30 60 90 120 150 180
 with control cylinders (L1=L2=L0)
 without control cylindersPSD
 
)Hz( f  
Fig.4.33    Power spectra of the velocity at mid span with hotwire positioned 
at (4.0d, 0.65d, 0.0d), with and without control cylinders. 


















Fig.4.34   Spanwise distribution of St, with and without control cylinders. 
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4.6 Overall Discussion 
Experimental results from section 4.1  to section 4.5 show the effects of the control 
cylinders. Before the addition of the control cylinders, the fluid viscosity slows down 
the flow velocity near the wind tunnel side walls, resulting in an uneven spanwise 
pressure distribution, especially in the wake region. The pressure near the ends of the 
test cylinder was higher than that near the central span. Under the influence of such 
spanwise pressure gradient, in the wake region the fluid moves from the ends towards 
the mid-span of the cylinder. According to the investigation by Hammache and Gharib 
(1991), the spanwise flow was responsible for the oblique (or curved) shedding. The 
present experimental results confirmed this deduction. The primary vortex shape is 
three-dimensional (convex downstream) before the addition of the control cylinders. 
The control cylinders accelerate the flow velocity near the cylinder ends (around z/H= 
±1/2 or z/d= ±16). As shown in Fig.4.25, with the control cylinders positioned at z/d= 
±16, the velocity increases from around 9.8m/s at z/d = ±8 to 11.4 m/s at z/d = ±12.  
The speeding up of the flow near the  cylinder ends causes a  reduction in the static 
pressure there, which can be seen in Fig.4.29 (pressure minimum at around z/d = ±12). 
This reduction in static pressure will affect the original spanwise pressure variation on 
the test cylinder. The static pressure imposed by the control cylinders can also be 
manipulated in order to neutralize the original spanwise pressure gradient mentioned in 
the previous paragraph.  
The control cylinder distance from the test cylinder L is an important factor that affects 
the magnitude of the static pressure imposed by the control cylinders. When the 
control cylinders are at equi-distance from the test cylinder (i.e., L1=L2), the reduction 
in static pressure at both ends of the test cylinder are the same, this usually results in a 
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curved shedding  that is symmetrical with respect to mid-span. When L1(=L2) varies, 
the reduction in cylinder ends static pressure varies, large L will result in a small 
cylinder ends static pressure reduction and vice versa. At a certain optimum distance 
L0, the reduction in cylinder ends static pressure completely neutralizes the original 
spanwise pressure gradient. Under this circumstance the wake spanwise pressure 
gradient over the central part of the span (-8≤z/d≤8 in the present case) disappears, 
and the vortex shedding becomes parallel (2-D shedding). From section 4.1, in the 
present study the optimum distance L0 is 1.26D. With the control cylinders positioned 
at L1=L2=1.26D, the spanwise pressure distribution over the central part of the span is 
quite uniform as shown in Fig. 4.12, and this even spanwise distribution of the 
pressure leads to parallel shedding. 
When the control cylinders are symmetrically located but not at the optimum distance, 
(i.e, L1=L2≠ L0),  curved vortex shedding is induced,  which can be either convex or 
concave downstream, depending on whether L1 and L2 are larger or smaller than the 
optimum magnitude L0. With the control cylinders at L1=L2>L0, the influence of the 
control cylinders are insufficient (under-correction), in the wake the cylinder ends 
pressure are still higher than mid-span pressure (see Fig.4.31 for the case 
L1=L2=1.5D>L0), this results in a spanwise flow from the ends to mid-span, and 
eventually leads to a  convex downstream vortex  shedding pattern that is rather like 
when there are no control cylinders at all, as shown in Fig.4.13. With the control 
cylinders located closer to the test cylinder at L1=L2<L0, the control cylinders 
influence become too strong (over correction), in the wake the pressure was slightly 
higher at mid-span than points adjacent to it (Fig.4.31), the spanwise flow was from 
mid-span towards the cylinder ends, and this results in a concave downstream type of 
shedding pattern, as shown in Fig.4.15. 
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When L1 ≠ L2, the imposed static pressure at the two ends of the cylinder becomes 
unequal, this causes spanwise pressure gradient and results in oblique vortex shedding. 
As shown in section 4.4, with the control cylinder asymmetrically positioned at 
01 L 1.0D)( L <=  and 02 L 1.5D)( L >= , the vortex shedding becomes oblique. From 
Fig.4.31, the Cpb distribution gradually increases from z/d=-4 to 8, this causes 
spanwise flow from z/d=8 to -4, and induces oblique shedding, with a shedding angle 
of °−= 8.9θ . While with the control cylinders at 01 L 1.75D)( L >=  and 
02 L 0.75D)( L <= , the shedding angle becomes positive with a θ  of °8.11 . It also 
appears that the magnitude of the shedding angle increases with increasing difference 
between L1 and L2. Relative to the cylinder, the obliquely shed vortex is always slanted 
in the same way as the straight line joining the centres of the control cylinders. 
Another factor that affects the vortex shedding geometry is the aspect ratio. The vortex 
shedding near the control cylinders is under the influence of the wake of the control 
cylinder. Due to such influence, with the control cylinders positioned at z/d= ±16 (the 
corresponding effective aspect ratio A is therefore equal to H/d =32) and at the 
optimum distance (L0) from the test cylinder, parallel shedding only takes place over 
the central part of the cylinder span from z/d= -5.5 to 5.5. In the range 5.5/ =dz to 8, 
the vortex shedding filament turns slightly upstream.   
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Chapter 5   Conclusions and Recommendations 
5.1 Conclusions 
In the present study, the effects of circular cylinder end conditions on its wake, 
including the vortex shedding pattern and other aerodynamic parameters, were studied 
at Reynolds number Re=1.566×104. The method of transverse control cylinder 
technique was applied to alter the end conditions. Experimental results show that the 
TCCT method, which has been known to be effective in creating different vortex 
shedding patterns at low Reynolds numbers (laminar vortex shedding regime), still 
works at the sub-critical Reynolds number regime of a circular cylinder wake. 
Before the addition of the control cylinders, investigation of the test cylinder wake 
showed the flow geometry was three dimensional. The vortex shedding filament was 
curved (convex downstream) but symmetrical with respect to the mid-span.  
The insertion of the control cylinders each with a diameter (D) four times that of the 
test cylinder diameter (d), changed the flow pattern of the test cylinder wake. First it 
was found that an optimum control cylinder distance L0 which can lead to parallel 
vortex shedding existed.  With both  the control cylinders symmetrically located at a 
distance of 1.26D away from the test cylinder, that is, L1=L2=L0 =1.26D, parallel 
shedding was induced over the central portion of the cylinder span. From z/d=-5.5 to 
z/d=5.5 the primary vortex remains straight and parallel to the axis of the test cylinder, 
while at the points of z/d= ±8, there is a slight upstream inclination. When compared to 
the curved shedding case which exists before the addition of the control cylinders, with 
the control cylinders at optimum positions the  spanwise distribution of  the pressure 
coefficient Cp, the Strouhal number St, and the drag coefficient CD all become more 
uniform over the central span. This uniformity in various aerodynamic parameters is 
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considered as an indication of parallel shedding. 
With the control cylinders located symmetrically (at equi-distance) from the test 
cylinder but not at the optimum spacing, the vortex shedding remains symmetrical 
about the mid-span but curved. The primary vortex is convex downstream when 
L1=L2>L0 and concave downstream when L1=L2<L0. With the control cylinders 
located asymmetrically (at different distance) from the test cylinder, the vortex 
shedding becomes oblique. With L1> L0 >L2, the shedding angleθ  is positive, while 
with L1< L0 <L2, the sign of the shedding angle θ becomes negative. Relative to the 
cylinder, the primary vortex core is always slanted in the same way as the straight line 
joining the centres of the control cylinders. The absolute value of the shedding angle 
θ increases with increasing difference between L1 and L2. The relationship between 
the Strouhal number and the shedding angle was checked, and was found to be 
generally consistent with the Cosine Law proposed by Williamson (1988). 
The measurement of the surface pressure distribution of the test cylinder also confirms 
Hammache & Gharib’s (1991) conclusion that the spanwise flow is responsible for the 
oblique shedding. The present experimental results show that before the addition of the 
control cylinders, due to the effects of the boundary layer of the wind tunnel walls, a 
spanwise pressure gradient exits at the base of the cylinder, which leads to spanwise 
flow and eventually oblique or curved vortex shedding. The control cylinders change 
the pressure distribution at the test cylinder base. With the control cylinders located at 
the optimal control distance, the original spanwise pressure gradient is neutralized, 
leading to parallel vortex shedding.  
Besides the pressure distribution, investigations  in other aerodynamic parameters also 
show significant difference between the test cylinder wake itself (without the control 
cylinders) and that of parallel shedding (with the control cylinders at the optimum 
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distance). For the lift coefficient CL, it remains close to 0 in both cases. For the drag 
coefficient CD, it shows clear  spanwise variation.  Without control cylinders the 
magnitude of CD is around 1.238 (before blockage correction) at mid-span, and for 
parallel shedding CD increases to 1.6 and remains quite uniform over the central span.  
The large increase in CD is due primarily to the increase in wake suction in the latter’s 
situation (Fig.4.27). The large increase in wake suction is the combined consequences 
of two-dimensional flow being successfully induced and the associated increase in 
wind tunnel blockage because of the TCCT used (relative contribution not known at 
present). Some possible future work to improve on the situation will be given in 
section 5.2 (page 79).  The insertion of the control cylinders also causes an increasing 
in the Strouhal number, its magnitude increases from around 0.199-0.20 (before 
blockage correction) without control cylinder to around 0.236 for parallel shedding. 
The parallel shedding induced with the control cylinders at the optimum distance also 
results in a larger value of the spanwise correlation coefficient Cr of the velocity 
fluctuation. 
5.2 Recommendations 
In the present work, the diameters of the test and control cylinders (d and D 
respectively), and the Reynolds number Re remained unchanged. For this specific 
case, the optimal control distance to induce parallel shedding was found to be 
L0=1.26D. In future studies, it will be interesting if the L0-Re and L0-d/D relation can 
be investigated.   
In this study,  the vortex  shedding patterns were determined by  testing the spanwise 
correlation of the fluctuating velocity signal. Measurements have shown that except for 
the parallel vortex shedding case, the shedding frequency showed slight spanwise 
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variation. Frequency discrepancy/variation always raises difficulties for correlation 
analysis. In future studies, the coherence function can be applied in the calculation of 
the correlation coefficient to increase its accuracy. Also, if visualization of the flow 
could be carried out, it will render stronger evidence on whether parallel shedding is 
indeed achieved. 
Because of the measurement difficulties, the flow velocity near the surface of test 
cylinder was not investigated. If the flow field in the base flow region of the test 
cylinder can be measured via perhaps PIV technique, it will shed more light onto the 
causes of parallel /oblique shedding etc. 
Although the author is confident that with the TCCT, parallel vortex shedding (2-D 
flow) had been induced over the central portion of the test cylinder at a high Reynolds 
number of 1.566×104, the corresponding key aerodynamic parameters of CD=1.6, 
Cpb=-2.03 and St=0.236 are all values that are under fairly significant influence of 
tunnel blockage (an inherent problem with the TCCT). This may be partially the 
reason for the significant differences between the parameters of the test cylinder wake 
itself and that with the control cylinders. The blockage free, two-dimensional flow 
magnitudes of CD, Cpb and St remain presently unknown. Now that the present work 
has demonstrated that an (artificial) two-dimensional flow is possible at Re of O(104), 
perhaps one of the four methods mentioned by Williamson (1996a) (the downstream 
suction tubes method) which suffers much less significantly from blockage problem 
will provide the key to reveal the magnitudes of CD, Cpb and St for two-dimensional 
high Reynolds number flow past a circular cylinder.  
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Fig.A.1   Detailed dimensions of the suction wind tunnel used in the present experiment. 
 
Fig.A.2   Setup of test cylinder (horizontal), control cylinder (vertical, far right)  
and hotwire probes (downstream of test cylinder). 
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Fig.A.3   General apparatus. 
 
Fig.A.4   From left to right, solenoid controller, scanner position  
display and signal conditioner. 
 
Fig.A.5   DC power suppliers, filter and CTA.
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A.2 Calibration Graphs 














   
 
Voltage    (V)  
Fig.A.6   Linear calibration of pressure transducer 1. 
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Voltage (V)  
Fig.A.8   Calibration curve for hotwire. 
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Appendix B    Variation of the Velocity Profile 
The following data show the variation of the velocity profile in the cross-flow plane 
that is 1.6d (=40mm) upstream of the front of the test cylinder, both without and with 
control cylinders (located at L1=L2=L0=1.26D).  
Figs.B.1 (a) to B.1 (n) show the spanwise (z/d) distribution of the velocity at different 
hight (y/d).  







  V 
(m/s)
z/d  
Fig.B.1 (a) y/d= 0, ■ without control cylinders, ▲ with control cylinders  
positioned at L1=L2=L0=1.26D.* 







  V 
(m/s)
z/d  
Fig.B.1 (b) y/d= 1. 
*: In the following B.1 series figures, the symbols have the same meaning. 
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  V 
(m/s)
z/d  
Fig.B.1 (c) y/d= -1. 







  V 
(m/s)
z/d  
Fig.B.1 (d) y/d= 2. 







  V 
(m/s)
z/d  
Fig.B.1 (e) y/d= -2. 
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(m/s)
z/d  
Fig.B.1 (f) y/d= 3. 







  V 
(m/s)
z/d  
Fig.B.1 (g) y/d= -3. 







  V 
(m/s)
z/d  
Fig.B.1 (h) y/d= 4. 
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  V 
(m/s)
z/d  
Fig.B.1 (i) y/d= -4. 







  V 
(m/s)
z/d  
Fig.B.1 (j) y/d= 5. 







  V 
(m/s)
z/d  
Fig.B.1 (k) y/d= -5. 
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  V 
(m/s)
z/d  
Fig.B.1 (l) y/d= 6. 







  V 
(m/s)
z/d  
Fig.B.1 (m) y/d= 7. 










Fig.B.1 (n) y/d= 8. 
Figs.B.1 (a to n)   Spanwise distribution of the velocity in the cross-flow plane at x=-2.6d. 
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Figs.B.2 (a) to B.2 (q) show the vertical (y-direction) velocity distribution at different 
spanwise location z/d in a cross-flow plane at x/d=-2.6.  
 










V (m/s)  










V (m/s)   











V (m/s)  
        Fig.B.2 (b)      z/d= 2.          Fig.B.2 (c)   z/d= -2. 
 
*:In all subsequent B.2 series figures, the symbols have the same meaning. 
Fig.B.2 (a)    z/d= 0, ■ without control 
cylinders, ▲ with control cylinders at  
L1=L2=L0=1.26D.* 
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V (m/s)  
   Fig.B.2 (d)      z/d= 4.          Fig.B.2 (e)   z/d= -4. 
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V (m/s)  
        Fig.B.2 (f)      z/d= 6.          Fig.B.2 (g)   z/d= -6. 
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V (m/s)  
        Fig.B.2 (h)      z/d= 8.          Fig.B.2 (i)   z/d= -8. 
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V (m/s)  
        Fig.B.2 (j)      z/d= 10.          Fig.B.2 (k)   z/d= -10. 
Appendix B  Variation of the Velocity Profile 
 
—       — 96










V (m/s)  











V (m/s)  
        Fig.B.2 (l)      z/d= 12.          Fig.B.2 (m)   z/d= -12. 
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V (m/s)  
       Fig.B.2 (n)      z/d= 14.          Fig.B.2 (o)   z/d= -14. 
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V (m/s)  
        Fig.B.2 (p)      z/d= 16.          Fig.B.2 (q)   z/d= -16.  
Figs.B.2 (a to q)   Velocity versus y/d in the cross-flow plane at x/d=-2.6. 
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Appendix C    Distribution of Cp 
C.1 Without Control Cylinders  
 
The following figures show the circumferential pressure distribution at various 
spanwise positions (z/d) before the inclusion of the control cylinders. 











Fig.C.1   Circumferential distribution of CP (without control cylinders).  
(a) z/d=-18. 











Fig.C.1 (b) z/d= -16. 
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Fig.C.1 (c)  z/d= -14. 










Fig.C.1 (d)  z/d= -12. 











Fig.C.1 (e)  z/d= -10. 











Fig.C.1 (f)  z/d= -8. 
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Fig.C.1 (g)  z/d= -6. 











Fig.C.1 (h)  z/d= -4. 










Fig.C.1 (i)  z/d= -2. 











Fig.C.1 (j)  z/d= 0. 
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Fig.C.1 (k)  z/d= 2. 











Fig.C.1 (l)  z/d= 4. 











Fig.C.1 (m)  z/d= 6. 











Fig.C.1 (n)  z/d= 8. 
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Fig.C.1 (o)  z/d= 10. 










Fig.C.1 (p)  z/d= 12. 











Fig.C.1 (q)  z/d= 14. 










Fig.C.1 (r)  z/d= 16. 
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Fig.C.1 (s)  z/d= 18. 
Figs.C.1 (a to s)   Circumferential distribution of Cp at various spanwise position z/d  
(without control cylinders). 
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The following figures show the spanwise pressure distribution at various azimuth 
angle β before the inclusion of the control cylinders. 








 β = 0o
 β = 10o
 β = 20o
 β = 30o
Cp
z/d  
Fig.C.2   Spanwise distribution of Cp at various azimuth angles (without control cylinders).  
(a) β= 0º, 10º, 20º,30º. 






 β = 40o
 β = 50o
 β = 60o
Cp
z/d  
Fig.C.2 (b)  β= 40º, 50º, 60º. 











Fig.C.2 (c)  β= 70º, 80º, 90º. 
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Fig.C.2 (d)  β=100º, 110º, 120º. 
 











Fig.C.2 (e)  β=130º, 140º, 150º. 
 









 β=± 180  o
Cp
z/d  
Fig.C.2 (f)  β=160º, 170º, ±180º. 
 
 
Appendix C   Distribution of Cp 
 
—       — 106









 β= ± 180  o
Cp
z/d  
Fig.C.2 (g)  β= -160º, -170º, ±180º. 











Fig.C.2 (h)  β=-130º, -140º, -150º. 











Fig.C.2 (i)  β=-100º, -110º, -120º. 
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Fig.C.2 (j)  β=-70º, -80º, -90º. 






 β = -40o
 β = -50o
 β = -60o
Cp
z/d  
Fig.C.2 (k)  β=-40º, -50º, -60º. 








 β = -10o
 β = -20o
 β = -30o
Cp
z/d  
Fig.C.2 (l)  β=-10º, -20º, -30º. 
Figs.C.2 (a to l)   Spanwise distribution of Cp at various azimuth angle  
(without control cylinders). 
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(b) Back view. 








(c) Coordination system for Cp 
Fig.C.3    Surface pressure profile of the test cylinder (without control cylinders).
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C.2  With Control Cylinders (L1=L2=L0) 
The following figures show the circumferential pressure distribution at various 
spanwise position z/d with the control cylinders located at the optimum distance from 
the test cylinder (L1=L2=L0=1.26D). 










Fig.C.4   Circumferential distribution of CP with control cylinders at L1=L2=L0. 
(a) z/d=-18. 










Fig.C.4 (b)  z/d= -16. 
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Fig.C.4 (c)  z/d= -14. 












Fig.C.4 (d)  z/d= -12. 












Fig.C.4 (e)  z/d= -10. 
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Fig.C.4 (f)  z/d= -8. 












Fig.C.4 (g)  z/d= -6. 












Fig.C.4 (h)  z/d= -4.
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Fig.C.4 (i)  z/d= -2. 












Fig.C.4 (j)  z/d= 0. 












Fig.C.4 (k)  z/d= 2. 
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Fig.C.4 (l)  z/d= 4. 












Fig.C.4 (m)  z/d= 6. 












Fig.C.4 (n)  z/d= 8. 
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Fig.C.4 (o)  z/d= 10. 
 












Fig.C.4 (p)  z/d= 12. 











Fig.C.4 (q)  z/d= 14. 
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Fig.C.4 (r)  z/d= 16. 










Fig.C.4 (s)  z/d= 18. 
Figs.C.4 (a to s)   Circumferential distribution of CP at various spanwise position z/d 
with control cylinders at L1=L2=L0. 
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The following figures show the spanwise pressure distribution at various azimuth 
angle β with the control cylinders located at the optimum distance L0. 








 β = 0o
 β = 10o
 β = 20o
 β = 30o
Cp
z/d  
Fig.C.5   Spanwise distribution of CP with control cylinders at L1=L2=L0. 
(a) β= 0º, 10º, 20º,30º. 







 β = 40o
 β = 50o
 β = 60o
Cp
z/d  
Fig.C.5 (b)  β= 40º, 50º, 60º. 








 β = 70o
 β = 80o
 β = 90o
Cp
z/d  
Fig.C.5 (c)  β= 70º, 80º, 90º. 
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 β = 100o
 β = 110o
 β = 120o
Cp
z/d  
Fig.C.5 (d)  β= 100º, 110º, 120º. 







 β = 130o
 β = 140o
 β = 150o
Cp
z/d  
Fig.C.5 (e)  β= 130º, 140º, 150º. 







 β = 160o
 β = 170o
 β = ± 180  o
Cp
z/d  
Fig.C.5 (f)  β= 160º, 170º, ±180º. 
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 β = -160o
 β = -170o
 β = ± 180  o
Cp
z/d  
Fig.C.5 (g)  β= -160º, -170º, ±180º. 







 β = -130o
 β = -140o
 β = -150o
Cp
z/d  
Fig.C.5 (h)  β= -130º, -140º, -150º. 







 β = -100o
 β = -110o
 β = -120o
Cp
z/d  
Fig.C.5 (i)  β= -100º, -110º, -120º. 
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 β = -70o
 β = -80o
 β = -90o
Cp
z/d  
Fig.C.5 (j)  β= -70º, -80º, -90º. 







 β = -40o
 β = -50o
 β = -60o
Cp
z/d  
Fig.C.5 (k)  β= -40º, -50º, -60º. 








 β = -10o
 β = -20o
 β = -30o
Cp
z/d  
Fig.C.5 (l)  β= -10º, -20º, -30º. 
Figs.C.5 (a to l)   Spanwise distribution of CP at various azimuth angle β 
with control cylinders at L1=L2=L0. 
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(b) Back view. 
V∞








(c) Coordination system for CP. 
Fig.C.6   Surface pressure profile of the test cylinder with control cylinders at L1=L2=L0.
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Appendix D   Spanwise Correlation of the Velocity Signals  
to Determine L0 
The spanwise correlation for z1/d=0 and z2/d=3.0 was presented in section 4.1. (Fig. 
4.1 a to e). Other Cr versus x2/d data collected at different L are presented in this 
appendix. They include data for z1/d=3, z2/d=5.5 and z1/d=5.5, z2/d=8. 
D.1 Cr versus x2/d, z1/d=3.0 and z2/d=5.5 
In the following series of figures, hotwire 1 was fixed at (4.0d, 0.65d, 3.0d), and 
hotwire 2 at (x2, 0.65d, 5.5d).  








Fig.D.1 (a)   Cr versus x2/d; L1=L2=1.15D. 








Fig.D.1 (b)   Cr versus x2/d; L1=L2=1.20D. 
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Fig.D.1 (c)   Cr versus x2/d; L1=L2=1.24D. 








Fig.D.1 (d)   Cr versus x2/d; L1=L2=1.26D. 
 








Fig.D.1 (e)   Cr versus x2/d; L1=L2=1.28D. 
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Fig.D.1 (f)   Cr versus x2/d; L1=L2=1.35D. 







Fig.D.1 (g)   Cr versus x2/d; L1=L2=1.45D. 
Fig.D.1 (a to g)   Spanwise Cr versus x2/d at different control distance L. Hotwire 
1 was fixed at (4.0d, 0.65d, 3.0d) and hotwire 2 was positioned 
at (x2, 0.65d, 5.5d). Symbol “o” indicates maximum Cr. 
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D.2 Cr versus x2/d, z1/d=5.5 and z2/d=8.0 
In the following series of figures, hotwire 1 was fixed at (4.0d, 0.65d, 5.5d), and 
hotwire 2 at (x2, 0.65d, 8.0d).  








Fig.D.2 (a)   Cr versus x2/d; L1=L2=1.15D. 
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Fig.D.2 (c)   Cr versus x2/d; L1=L2=1.40D. 
Fig.D.2 (a to c)   Spanwise Cr versus x2/d at different control distance L. Hotwire 
1 was fixed at (4.0d, 0.65d, 5.5d) and hotwire 2 was positioned 
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Appendix E    Spanwise Correlation to Determine 
the Shedding Patterns 
E.1 L1=L2>L0 (L1=L2=1.5D) 
The following series figures show the spanwise correlation coefficient to determine the 
primary vortex shape, with the control cylinders at L1=L2=1.5D. 








Fig.E.1 (a)    Cr versus x2/d, with hotwire 1 at (4.0d, 0.65d, 0.0d)  
and hotwire 2 at (x2, 0.65d, 3.0d). 
 








Fig.E.1 (b)    Cr versus x2/d, with hotwire 1 at (3.9d, 0.65d, 3.0d)  
and hotwire 2 at (x2, 0.65d, 5.5d). 
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Fig.E.1 (c)    Cr versus x2/d, with hotwire 1 at (3.5d, 0.65d, 5.5d)  
and hotwire 2 at (x2, 0.65d, 8.0d). 








Fig.E.1 (d)    Cr versus x2/d, with hotwire 1 at (4.0d, 0.65d, 0.0d)  
and hotwire 2 at (x2, 0.65d, -3.0d). 







Fig.E.1 (e)    Cr versus x2/d, with hotwire 1 at (3.9d, 0.65d, -3.0d)  
and hotwire 2 at (x2, 0.65d, -5.5d). 
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Fig.E.1 (f)    Cr versus x2/d, with hotwire 1 at (3.5d, 0.65d, -5.5d)  
and hotwire 2 at (x2, 0.65d, -8.0d). 
Fig.E.1 (a to f)    Spanwise correlation of the velocity signals to determine the vortex 
shedding pattern with the control cylinders at L1=L2=1.50D. Symbol 
“○” indicates maximum Cr. 
 
E.2 L1=L2<L0 (L1=L2=1.0D) 
The following series figures show the spanwise correlation coefficient to determine the 
primary vortex shape, with the control cylinders at L1=L2=1.0D. 








Fig.E.2 (a)    Cr versus x2/d, with hotwire 1 at (4.0d, 0.65d, 0.0d)  
and hotwire 2 at (x2, 0.65d, 3.0d). 
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Fig.E.2 (b)    Cr versus x2/d, with hotwire 1 at (4.3d, 0.65d, 3.0d)  
and hotwire 2 at (x2, 0.65d, 5.5d). 








Fig.E.2 (c)    Cr versus x2/d, with hotwire 1 at (4.7d, 0.65d, 5.5d)  
and hotwire 2 at (x2, 0.65d, 8.0d). 







Fig.E.2 (d)    Cr versus x2/d, with hotwire 1 at (4.0d, 0.65d, 0.0d)  
and hotwire 2 at (x2, 0.65d, -3.0d). 
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Fig.E.2 (e)    Cr versus x2/d, with hotwire 1 at (4.4d, 0.65d, -3.0d)  
and hotwire 2 at (x2, 0.65d, -5.5d). 
 








Fig.E.2 (f)    Cr versus x2/d, with hotwire 1 at (4.9d, 0.65d, -5.5d)  
and hotwire 2 at (x2, 0.65d, -8.0d). 
Fig.E.2 (a to f)   Spanwise correlation of the velocity signals to determine the vortex 
shedding pattern with the control cylinders at L1=L2=1.0D. Symbol 
“○” indicates maximum Cr. 
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E.3 L1≠L2 (L1=1.0D, L2=1.5D) 
The following series figures show the spanwise correlation coefficient to determine the 
primary vortex shape, with the control cylinders at L1=1.0D and L2=1.5D. 








Fig.E.3 (a)    Cr versus x2/d, with hotwire 1 at (4.0d, 0.65d, 0.0d)  
and hotwire 2 at (x2, 0.65d, 3.0d). 
 







Fig.E.3 (b)    Cr versus x2/d, with hotwire 1 at (3.6d, 0.65d, 3.0d)  
and hotwire 2 at (x2, 0.65d, 5.5d). 
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Fig.E.3 (c)    Cr versus x2/d, with hotwire 1 at (3.3d, 0.65d, 5.5d)  
and hotwire 2 at (x2, 0.65d, 8.0d). 








Fig.E.3 (d)    Cr versus x2/d, with hotwire 1 at (4.0d, 0.65d, 0.0d)  
and hotwire 2 at (x2, 0.65d, -2.0d). 







Fig.E.3 (e)    Cr versus x2/d, with hotwire 1 at (4.4d, 0.65d, -2.0d)  
and hotwire 2 at (x2, 0.65d, -5.5d). 
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Fig.E.3 (f)    Cr versus x2/d, with hotwire 1 at (5.2d, 0.65d, -5.5d)  
and hotwire 2 at (x2, 0.65d, -8.0d). 
 
Fig.E.3 (a to f) Spanwise correlation of the velocity signals to determine the vortex 
shedding pattern with the control cylinders at L1=1.0D and L2=1.5D. 
Symbol “○” indicates maximum Cr.    
 
 
E.4 L1≠L2 (L1=1.75D, L2=0.75D) 
The following series figures show the spanwise correlation coefficient to determine the 
primary vortex shape, with the control cylinders at L1=1.75D and L2=0.75D. 







Fig.E.4 (a)    Cr versus x2/d, with hotwire 1 at (4.0d, 0.65d, 0.0d)  
and hotwire 2 at (x2, 0.65d, 3.0d). 
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Fig.E.4 (b)    Cr versus x2/d, with hotwire 1 at (4.7d, 0.65d, 3.0d)  
and hotwire 2 at (x2, 0.65d, 5.5d). 








Fig.E.4 (c)    Cr versus x2/d, with hotwire 1 at (5.4 d, 0.65d, 5.5d)  
and hotwire 2 at (x2, 0.65d, 8.0d). 







Fig.E.4 (d)    Cr versus x2/d, with hotwire 1 at (4.0d, 0.65d, 0.0d)  
and hotwire 2 at (x2, 0.65d, -3.0d). 
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Fig.E.4 (e)    Cr versus x2/d, with hotwire 1 at (3.5d, 0.65d, -3.0d)  
and hotwire 2 at (x2, 0.65d, -5.5d). 








Fig.E.4 (f)    Cr versus x2/d, with hotwire 1 at (3.1d, 0.65d, -5.5d)  
and hotwire 2 at (x2, 0.65d, -8.0d). 
Fig.E.4 (a to f)   Spanwise correlation of the velocity signals to determine the vortex 
shedding pattern with the control cylinders at L1=1.75D and L2=0.75D. 
Symbol “○” indicates maximum Cr.    
 
 
